


























The permeability of  the neuronal membrane  to different  ions determines both  resting membrane 
potential (RMP) and input conductance. These parameters determine the cells response to synaptic 
input.  In  this  thesis  I have examined how  the molecular properties of potassium and  chloride  ion 
channels can influence neuronal excitability in ways that have not previously been considered. 
For  example,  two‐pore  domain  potassium  (K2P)  channels  open  at  rest  to  generate  a  persistent 
potassium ion efflux. In addition to its accepted role in setting the RMP, I have tested the hypothesis 
that this conductance is sufficient to repolarise the membrane during an action potential (AP) in the 
absence  of  voltage‐dependent  potassium  channels  (Kv).  We  tested  this  prediction  using 
heterologous expression of TASK3 or TREK1 K2P channels combined with conductance  injection to 
simulate  the presence of  a  voltage‐gated  sodium  conductance.  These  experiments  demonstrated 
that  K2P  channels  are  sufficient  to  support APs  during  short  and  prolonged  depolarising  current 
pulses.   
The membranes permeability to chloride ions can also be affected by extrasynaptic GABAA receptors 
containing  the  delta  subunit  (δ‐GABAARs)  that  produce  a  tonic  conductance  due  to  their  high 
apparent affinity for GABA.  The anaesthetics Propofol and THIP are both believed to alter neuronal 
excitability by enhancing this persistent chloride flux. We have examined how this anaesthetic action 
is  affected  by  the  steady‐state  ambient  GABA  concentrations  that  are  believed  to  exist  in  vivo.  


































































































































































































































































GABA       γ‐Aminobutyric acid 
GABAA Receptor  γ‐Aminobutyric acid type A receptor 
δ‐ GABAA Receptor  γ‐Aminobutyric acid type A receptor containing the δ subunit 
K2P      Two‐Pore Domain Potassium Channel 
RMP      Resting membrane potential 
AP       Action potential 
TASK      Tandem‐pore domain Acid Sensing Potassium channel 
TREK      Tandem‐pore domain TWIK related potassium channel 
TWIK      Tandem‐pore domain weakly inwardly rectifying potassium channel 
HEK      Human Embryonic Kidney 
TEA      TetraEthylAmmonium‐chloride 
cDNA      Complimentary deoxyribonucleic acid 
GFP      green fluorescent protein 
SEP      Super ecliptic pHlorin 
δ‐SEP      δ GABAA receptor subunit conjugated to the SEP tag 
GHK      Goldman‐Hodgkin‐Katz 
Gk      Potassium conductance 
ATP      Adenosine triphosphate 
GTP      Guanine triphosphate 
Kv      Voltage gated potassium channel 
CGN      Cerebellar granule neuron 
RT‐PCR      Reverse transcriptase polymerase chain reaction 
NF‐200      Neurofilament 200 
IPSP      Inhibitory post synaptic potential 
EPSP      Excitatory post synaptic potential 
EPSC      Excitatory post synaptic current 
ER      Endoplasmic reticulum 
THIP      4,5,6,7‐tetrahydroisoxazolo[5,3‐c]pyridine‐3‐ol also known as Gaboxadol 
DMSO      Dimethyl sulfoxide 
EtOH      Ethanol 
DGGC      Dentate gyrus granule cells   
REM      Rapid eye movement 
SV40      Simian virus 40   
CMV      Cytomegalovirus 
LB      Luria‐Bertani broth 
TAE      Tris‐acetate‐EDTA running buffer 
OD      Optical density 
PBS      Phosphate buffered saline 
ACSF      Artificial cerebral spinal fluid 
DAT      Digital Audio Tape 
PTFE      Polytetrafluoroethylene 
TTL      Transistor‐Transistor logic 
EDAC      1‐Ethyl‐3(3‐dimethylamino‐propyl)carbodiimide 
SEM      Standard error of the mean 
C‐terminal    Carboxyl terminus 
AEBSF       4‐(2‐Aminoethyl) benzenesulfonyl fluoride hydrochloride 
TEMED      1,2‐Bis(dimethylamino)ethane 









and Andrew Huxley  from  the United Kingdom and Kenneth Cole and Howard Curtis  in  the United 
States.  From their experimental observations the parallel conductance model was developed.   The 
parallel conductance model depicts the excitable membrane in terms of an electrical circuit with the 
lipid bilayer represented as a capacitor  in parallel with  three  ionic conductances  (Figure 1.1).   The 
first  is an  inwardly rectifying voltage dependent sodium current which  is responsible  for  the rising 
phase  of  the  action  potential.    The  second  is  a  delayed  outwardly  rectifying  voltage  dependent 
potassium  current  responsible  for  the  repolarising  phase  of  the  action  potential.    The  third  is  a 
voltage  independent membrane  leak.   From  this simple model Hodgkin and Huxley generated  the 
first quantitative description of the action potential (Hodgkin & Huxley, 1952) .   
 
Although  Hodgkin  and  Huxley were  able  to  describe  the  electrical  properties  of  the membrane 
mathematically  the  molecular  processes  underlying  the  permeability  changes  during  the  action 
potential were  still unclear  (Hodgkin & Huxley, 1952).    It  is now known  that  the  rapid  changes  in 
membrane  potential  during  an  action  potential  are mediated  by  specialised  proteins  called  ion 
channels.   These proteins are specialised pores  in the membrane allowing specific  ions to enter or 
leave  the  cell.    Some  channels  are  gated  for  instance;  voltage  gated  channels  open  and  close  in 
response  to  changes  in membrane potential whereas  ligand gated  channels open upon binding  a 
specific  neurotransmitter.    Although  the  Hodgkin‐Huxley model  includes  only  two  voltage  gated 
channels it later became apparent that neurons express an impressive array of channels with varying 
properties,  kinetics  and  expression  patterns  allowing  different  regions  of  the  nervous  system  to 
perform different tasks  (Bean, 2007; Kandel et al, 2000).    In comparison to the voltage dependent 
sodium  and  potassium  conductances  responsible  for  the  rise  and  fall  of  the  action  potential 
respectively, the voltage  independent membrane  leak has received relatively  little direct attention.  
This  is  surprising  considering  the  importance  attributed  to  the  leak  conductance  in  setting  the 















voltage must be  reached  in  response  to a current  injection.   This  is  termed  the voltage  threshold.  
The  rising phase of  the action potential  is highlighted and  is often  referred  to as  the upstroke or 
depolarising phase of the action potential.  The overshoot is defined as the difference between the 
peak  response  and  0mV  as  indicated.    The  spike width  is  often  referred  to  as  half‐width  and  is 
measured at half the spike amplitude as shown.  Finally the spike height is measured from the peak 
relative  to  the most negative potential after  the action potential  (during  the hyperpolarising after 
potential (AHP)).  [Figure modified from Bean, 2007].  The parallel conductance model is also shown 
(right).   Hodgkin  and Huxley described  the  cell membrane  in  terms of  an  electrical  circuit with  a 
capacitive current (representing the passive properties of the membrane) in parallel with three ionic 




It had  long been suspected that, alongside chloride and other  ions, a  large component of the  leak 
conductance was made up of a voltage  independent potassium conductance.   This was due to the 
large  resting potassium permeability of neurons as well as  the  resting membrane potential being 
close  to  the potassium  reversal potential  (Chang, 1986; Enyedi & Czirják, 2010; Hille, 1973; Hille, 
2001).  However, as the leak conductance was insensitive to traditional potassium channel blockers 





leak  conductance.    Called  the  two  pore  domain  potassium  channel  (K2P)  family,  these  channels 




are  important  contributors  to  the  resting membrane  potential  and  the  input  conductance.    The 
history, molecular and biophysical properties of K2P channels, with a particular  focus on  the most 
commonly studied members of this family TASK3 (Tandem‐pore acid sensitive potassium channel 3) 








which  the  first  mammalian  member  of  the  two‐pore  domain  potassium  channel  family  TWIK1 
(Tandem pore Weakly Inwardly rectifying Potassium channel) was originally identified (Lesage et al, 
1996).    Two‐pore  domain  potassium  channels  differ  structurally  from  other  members  of  the 
potassium  channel  super‐family  in  that  they  contain  four  transmembrane  and  two  pore  forming 
domains per  subunit  (Lesage et al, 1996)  (see  Figure 1.2).    In  comparison, other members of  the 
potassium channel super family contain just one pore forming domain per subunit and either six or 
two  transmembrane  domains  for  voltage  gated  (also  called  delayed  rectifiers)  and  inwardly 
rectifying potassium channels respectively (Kubo et al, 1993; Long et al, 2005).  As four pore forming 
domains  are  required  to  form  a  functional  channel  both  voltage  gated  and  inwardly  rectifying 










The membrane  topology  and  current  voltage  relationships  of  three members  of  the  potassium 
channel super‐family.  Ideal current voltage relationships in physiological (solid line) and symmetrical 





channels pass  little current at depolarised potentials.   However, these channels pass  large currents 
at hyperpolarised potentials once  the block  is  released.   The current voltage  relationship  is based 
upon Kir4.2.  C, The four transmembrane and two pore forming domain subunit topology of the two‐






cells.    Indeed  the  first  potassium  channel  identified with  two  pore  forming  domains,  TOK1, was 
found in 1995 in the budding yeast Saccharomyces cerevisiae (Ketchum et al, 1995).  However, this 
channel  is  both  structurally  and  functionally  different  from mammalian  two‐pore  channels  being 




have  also  been  found  in  Drosophilia melanogaster,  Caenorhabditis  elegans  and  the model  plant 





potassium  channel  family  have  been  identified.   Outside  of  the  shared  four  transmembrane  two 
pore domain structure, these channels share little sequence homology but can be further subdivided 
into  six  subfamilies  based  upon  physiological  properties  and  sequence  identity  (Figure  1.3).    K2P 
channels are expressed throughout the brain (although functional channels are also found  in other 
organs such as  the kidney and heart).   Figure 1.3 shows  in‐situ hybridisation data highlighting  the 
mRNA  expression  pattern  of  eight members  of  the  K2P  family  in  coronal mouse  brain  sections 
demonstrating  their differential yet overlapping expression pattern as well as  the particularly high 
expression  of  K2P  channels  in  the  cerebellum  (Aller  et  al,  2005;  Talley  et  al,  2001).    The  rapid 
discovery of this family between 1996 and 2003 has led to a confusing nomenclature with acronyms 




TALK  subfamily  than  TASK.    However,  although  it  is  not  yet  commonly  used  a  systematic 
nomenclature  has  been  accepted  by  the  Human  Genome  Organisation  (HUGO).    This  new 
nomenclature  is based upon  the gene name and order of discovery of each channel  for example, 














pore  domain  potassium  channel  family.    The  dendrogram  shows  both  the  conventional  and  the 
HUGO  nomenclatures.    The  numbering  relates  to  the  order  of  discovery.   Be  aware  that  KCNK8, 
KCNK11 and KCNK14 do not exist.  [Reproduced from Enyedi, P. et al, 2010].  
 
Considering  the  importance of  two‐pore domain potassium channels  in setting  the hyperpolarised 
resting  membrane  potential  it  may  be  assumed  that  these  channels  are  constitutively  open 
housekeeping proteins.  However, these channels are tightly regulated by a number of physiological 
and  pharmacological  factors  including  pH,  membrane  stretch,  neurotransmitters  via  G‐protein 
coupled  pathways  and  anaesthetics  (Honoré,  2007;  Kim,  2005;  Mathie,  2007).    The  molecular 
properties and regulatory pathways of two of the most well studied K2P channels; TASK3 and TREK1 













yet non‐functional TASK5  (KCNK15).   TASK1 and TASK3 share only 62% sequence  identity with  the 
main variations seen  in the C‐terminal domain (Kim, 2005).    In addition TASK3 has a greater single 
channel  conductance  compared  to  TASK1  (Kim,  2005).    As  shown  in  Figure  1.3  TASK3 mRNA  is 
expressed throughout the brain (Aller et al, 2005) with the highest levels of expression found within 
the cerebellum.    Indeed TASK3 has been  shown  to contribute  to  the  standing outward potassium 
current  (IKSO)  in  these  neurons  (Han  et  al,  2002).    In  addition  TASK3 mRNA  expression  is  also 
observed  in  the  hippocampal  CA1  region,  the  anterior  dorsal  thalamus,  the  dentate  gyrus,  the 
medial  habenule,  the neocortex,  cholinergic  cells  in  the  caudate‐putamen  and  the olfactory bulb 
(Aller et al, 2005; Berg & Bayliss, 2007; Brickley et al, 2007).  As their name implies, both TASK1 and 







body  (Enyedi  &  Czirják,  2010).    TASK3  but  not  TASK1  is  also  inhibited  by  the  polycationic  dye 
ruthenium  red  as  well  as  zinc  (Clarke  et  al,  2004;  Czirják  &  Enyedi,  2003).    These  conflicting 
pharmacological  properties,  combined  with  their  differing  pH  sensitivities  and  single  channel 
conductances, help  to discriminate between TASK1 and TASK3  in  the absence of  specific  channel 
modulators.  Interestingly TASK3 and TASK1 have also been shown to form functional heterodimers 
which  share  intermediate  properties  between  TASK1  and  TASK3  homodimers  (Czirják  &  Enyedi, 





been shown to  inhibit the  IKso  in cerebellar granule cells, which  is mediated  in part by members of 









and  the  activation  of  protein  kinase  C  (PKC).   As  TASK3  contains  three  putative  PKC  sites,  direct 
protein phosphorylation has also been implemented in the inhibition of TASK channels (Veale et al, 
2007; Vega‐Saenz de Miera et al, 2001).  Apart from members of the downstream signalling cascade 
there  is  also  evidence  to  suggest  that  Gαq  itself  directly  binds  to  TASK  channels,  thus  initiating 
channel closure (Chen et al, 2006; Veale et al, 2007).  Although there is supporting and contradictory 
evidence  in the  literature regarding these different signalling mechanisms  (for a recent review see 
Mathie, 2007)  it  is possible  that all  three may contribute  to TASK channel  inhibition.   However, a 
region of six amino acids in the C‐terminal domain does appear to be important in transducing Gαq 
mediated  inhibition as deletion or substitution of  this domain with  the corresponding amino acids 





The  TREK  channel  subfamily  comprises  three  members,  TREK1,  TREK2  and  the  TWIK  related 
arachidonic acid stimulated potassium channel (TRAAK) with splice variants adding to the diversity of 
this  subfamily  (Enyedi  &  Czirják,  2010).    These  splice  variants  have  similar  electrophysiological 
properties  to  TREK1,  TREK2  and  TRAAK  but  exhibit  differing  tissue  distributions  (Gu  et  al,  2002; 
Ozaita & Vega‐Saenz de Miera, 2002).   Furthermore non‐conducting  truncated versions of TRAAK 







factors.   Unlike TASK  channels which have  a  constitutive  activity TREK  channels have  a  low open 





to  activate  TREK1  with  channel  desensitisation  apparent  within  100ms  of  applying  membrane 
stretch  (Honoré  et  al,  2006; Maingret  et  al,  1999).    Activation  occurs  even  in  excised  inside‐out 
patches independently of ATP, intracellular calcium and other intracellular signalling and cytoskeletal 
elements  suggesting an  intrinsic gating mechanism  (Honoré, 2007).   Again  the C‐terminal domain 
appears  to be  important  for channel gating with progressive deletion of  the C‐terminus abolishing 
mechanosensitivity  (Maingret et al, 1999).   Besides activation by membrane stretch, TREK1  is also 
activated by phospholipids which  interact with the C‐terminal domain to promote channel opening 
(Chemin  et  al,  2005).    Polyunsaturated  fatty  acids  (but  not  saturated  fatty  acids)  and 
lysophospholipids  also  activate  TREK1  (Maingret  et  al,  2000b;  Patel  et  al,  1998).    It  has  been 









channels  in pain perception  (Alloui et al, 2006).   Dorsal  root ganglion  (DRG) neurons express both 
TREK1  and  members  of  the  transient  receptor  potential  (TRP)  channel  family  which  are  also 






receptors  (Mathie, 2007).    TREK1  activity  is  reduced by  activation of  the Gαq mediated  signalling 
cascade but as described previously the exact second messengers responsible for channel inhibition 
remain unclear  (for  review  see Mathie, 2007).   TREK1 channels are also  inhibited via Gαs coupled 
receptors,  raised  intracellular  cAMP  and  subsequent  protein  kinase  A  activation.    Furthermore, 
TREK1 channels are activated by Gαi coupled receptors (Honoré, 2007; Patel et al, 1998).  Activation 
of  5‐HT1A  autoreceptors  in  serotonergic  dorsal  raphé  neurons  initiates  the Gαi  signalling  cascade 




of  the  neuron  reduces  action  potential  firing  and  5‐HT  release.    TREK1  knockout mice  lack  this 
feedback  inhibition mechanism and subsequently exhibit an antidepressant phenotype  (Heurteaux 








or  alkanes  (halothane)  limit  neuronal  excitability  by  activating  potassium  channels  and 
hyperpolarising the cell membrane (Franks & Honoré, 2004).  TREK1 and TREK2 have been shown to 
be  activated  by  chloroform,  isoflurane,  halothane  and  di‐ethyl  ether  in  recombinant  expression 
systems (Patel et al, 1999).  TASK3 channels have also be shown to be activated by halothane as well 
as  inhibited by  the  local anaesthetics  lidocaine and bupivacaine  (Kindler & Yost, 2005; Patel et al, 





terminal domain.   Deletion or substitution of a six  residue segment at  the  start of  the C‐terminus 
(VLRFM  (L)  T)  of  TASK1  and  TASK3  also  eliminates  halothane  sensitivity,  suggesting  a  critical 
modulatory role for this region in mediating both anaesthetic actions and channel opening by other 
physiological factors as described above (Patel et al, 1999).  However, this region is unlikely to be the 





halothane,  chloroform,  desflurane  and  sevoflurane  requiring  an  increased  concentration  of 
anaesthetic  to  reach  anaesthesia  as  well  as  exhibiting  an  increased  latency  to  anaesthesia  (as 
assayed by  loss of  righting  reflex and  response  to painful  stimuli)  (Heurteaux et al, 2004).   TASK3 











potassium channel  families  in  terms of gating mechanism.   Voltage gated potassium channels are 
outwardly  rectifying being closed at  rest but preferentially allowing potassium  to  leave  the cell at 
more  depolarised  potentials.    A  concentration  of  positively  charged  residues  in  the  S4 
transmembrane  domain  acts  as  the  voltage  sensor.    The  S4  domain  moves  upon  membrane 
depolarisation  allowing  the  channel  to  open  (Jan  &  Jan,  1997).  Thus,  voltage  gated  potassium 
channels  contribute  significantly  to  the  repolarising  phase  of  the  action  potential.    Inwardly 
rectifying potassium (Kir) channels pass current preferentially at hyperpolarised potentials.   Despite 
lacking  the  S4  voltage  sensor  Kir  still  rectify  due  to  a  magnesium  dependent  channel  block  at 
potentials greater than the potassium reversal potential (Vandenberg, 1987).    In contrast two pore 
domain potassium channels are relatively voltage independent and non‐inactivating.  Thus they are 
open  across  the  full  range  of  membrane  potentials,  with  ion  flow  dependent  upon  the 
electrochemical gradient.   Therefore, voltage  independence allows K2P channels  to contribute not 




instead exhibit a non‐linear outwardly  rectifying current voltage  relationship  (see Figure 1.2).   As, 
ions are charged  their movement  is governed both by  the concentration gradient and  the electric 
field across the membrane (Hille, 2001).  This is a simple form of electrodiffusion as described by the 
Nernst‐Plank  equation  (Hille,  2001).    However,  in  the  absence  of  a  concentration  gradient  ion 
movement obeys Ohms law.  The non‐linear ion movement through K2P channels is described by the 
Goldman‐Hodgkin‐Katz  (GHK)  current equation  (Goldman, 1943; Hodgkin & Katz, 1949).   This  is a 
solution  of  the  Nernst‐Plank  equation  which  is  achieved  by  assuming  that  the  channel  pore  is 
homogenous,  ions move  independently of one another and that the electrical field  is constant and 









An  ideal  leak  conductance,  as  described  by  the  GHK  equation,  should  have  no  time  or  voltage 
dependence  and  therefore  current  flow would  change  instantaneously with  voltage  (Hille, 2001).  
However, some K2P channels,  including TASK3 and TREK1 show an additional, albeit modest,  time 
and  voltage dependent  component  to  activation.   This  results  in  a delay  in  channel open  and  an 
outwardly rectifying current voltage relationship  in a symmetrical  ion gradient  (Bockenhauer et al, 
2001; Brickley et al, 2007; Lopes et al, 2000; Maingret et al, 2002; Meadows & Randall, 2001; Rajan 
et al, 2000).   For TREK1 this outward rectification  in a symmetrical  ion  is dependent on an external 
magnesium  ion  block  at  negative  potentials  and  an  intrinsic  voltage  sensing  mechanism 
(Bockenhauer et al, 2001; Maingret et al, 2002).  Voltage sensing appears to be reliant upon second 
messenger  pathways with  protein  kinase  A mediated  phosphorylation  of  S333  in  the  C‐terminal 
domain  having  been  shown  to  convert  TREK1  from  a  leak  to  a  voltage  dependent  phenotype 
(Bockenhauer et al, 2001).  Indeed successive deletion of the C‐terminus has been demonstrated to 
remove  the  time  and  voltage  dependent  component  to  activation  (Maingret  et  al,  2002)  again 
highlighting the importance of the C‐terminal domain in regulating K2P channel opening.  The ability 
to  interconvert  from  a  voltage  dependent  to  independent  phenotype  would  have  important 
consequences  for  neuronal  excitability.    A  leak  phenotype  would  stabilise  the  neuron  at  rest 
whereas,  a  voltage  dependent  phenotype  and  the  corresponding  additional  current  flow  at 
depolarised potentials would aid action potential repolarisation.   
 
As  described  previously  K2P  channels  are  tightly  regulated  by  a  number  of  physiological  and 
pharmacological factors including pH, membrane stretch, anaesthetics and neurotransmitters via G‐
protein coupled receptors  (Honoré, 2007; Kim, 2005; Mathie, 2007).   Activation of K2P channels  is 
generally  considered  to  limit neuronal excitability by moving  the membrane potential  away  from 
threshold and shunting excitatory synaptic inputs.  Furthermore, an increase in the number of open 
channels will raise the membrane input conductance resulting in a reduction in the membrane time 
constant.    As  the  smaller  the  time  constant,  the  faster  the  change  in membrane  potential,  an 
increase  in  the  input  conductance  reduces  the  temporal  summation of excitatory  synaptic  inputs 





rectifying current voltage relationship  in a physiological  ion gradient results  in an  increased current 
flow at depolarised potentials.   Therefore, once action potential threshold  is reached K2P channels 
will  contribute  significantly  to  the  repolarising  phase  of  the  action  potential.    In  addition  K2P 
channels will speed up AP rise and decay due to the reduction in the membrane time constant thus, 
aiding  repetitive  neuronal  firing  (Brickley  et  al,  2007).    The  effect  of  a  K2P  leak  on  neuronal 
excitability  is  seen  in  acute  slice  preparations  where members  of  the  TASK  channel  family  are 
genetically  ablated.   As  anticipated, on  average  a 10mV membrane depolarisation  is observed  in 









a  large background, or  tonic, chloride  leak conductance mediated by extrasynaptic  γ‐aminobutyric 
acid  type A  (GABAA)  receptors.    Like  the K2P  leak,  the  tonic  chloride  conductance also  reduces a 
neurons input resistance thus, affecting neuronal excitability.  The properties of these receptors and 








γ‐aminobutyric acid (GABA)  is the main  inhibitory neurotransmitter  in the brain which mediates  its 
effects via the γ‐aminobutyric acid type A (GABAA) receptors.  GABAA receptors are members of the 
cysteine‐loop  ligand‐gated  ion  channel  family which  includes  glycine,  5‐hydroxytryptamine  (5‐HT) 
type 3 and nicotinic acetylcholine receptors (Lester et al, 2004).  Individual subunits combine to form 
a pentameric structure around a central ion channel pore (Jensen et al, 2002).  GABAA receptors are 
permeable  to  chloride  and  bicarbonate  ions  and  open  upon  binding  of  the  amino  acid 




expression  and  localisation patterns only  a  few dozen have been  shown  to exist  in  vivo with  the 
α1β2γ2 subtype being  the most abundant  (Olsen & Sieghart, 2009; Pirker et al, 2000; Tretter et al, 
1997; Wisden  et  al,  1992).    The  stoichiometry  of  the  GABAA  receptors  is  thought  to  consist  of 
2α:2β:1γ with the δ or ε subunit being able to substitute for the γ subunit (Belelli & Lambert, 2005; 
Chang et al, 1996; Farrant & Nusser, 2005; Tretter et al, 1997).   The subunit composition of GABAA 




point  communication  between  pre‐  and  postsynaptic  neurons.    The  release  of  GABA  from  the 
presynaptic terminal results in a transient increase in the local GABA concentration (typically lasting 
less  than  1ms)  which,  binds  to  and  activates  GABAA  receptors  on  the  adjacent  postsynaptic 
membrane  (Mody & Pearce, 2004).   Receptor activation  results  in  channel opening and  the  rapid 
influx of chloride  ions  into  the cell,  the hyperpolarisation of  the membrane and  the generation of 
inhibitory post  synaptic potentials  (IPSPs)  (Glykys & Mody, 2007).    The  shape of  the  IPSP will be 
dependent upon the duration and size of the GABA transient along with the properties and kinetics 
of the GABAA receptor subtypes present  in the postsynaptic membrane.   This process  is referred to 









Dendrogram  (right) depicting  the relationship between  the 19  individual GABAA receptor subunits.  
Based on sequence identity individual subunits are divided into eight subfamilies.  Receptors exhibit 
approximately  70%  sequence  homology  within  subfamilies  and  only  30%  sequence  homology 
between  subfamilies  [Modified  from  Simon  et  al,  2004].    A  cartoon  illustrating  the  pentameric 
structure  of  GABAA  receptors  (left).    Two  α‐  and  two  β‐subunits  are  thought  to  co‐assemble 
predominantly with  the  γ‐subunit  to  form  a  functional  chloride  channel.    The  γ‐subunit  can  be 
substituted  by  either  the  δ‐  or  ε‐subunits.    Subtypes  containing  the  γ‐subunit  are  sensitive  to 
benzodiazapenes  (BZ) and the binding site  is shown.   However, α4/6βδ subtypes are BZ  insensitive.  
[modified from (Jacob et al, 2008)].     
 
Alongside  rapid  phasic  inhibition  a  slower mode  of GABAergic  inhibition  has  been  identified.    A 
population of GABAA  receptors are  localised away  from  the  synapse  (termed extrasynaptic GABAA 
receptors) where they are continually activated by the low concentrations of ambient GABA present 
in  the  extracellular  space.    Consequently  these  receptors  generate  a  persistent  or  tonic  chloride 
conductance.   The presence of a tonic conductance was first  identified  in voltage clamp recordings 





cells  and  specific  hippocampal  inhibitory  interneurons  (Bai  et  al,  2001;  Nusser  &  Mody,  2002; 
Porcello  et  al,  2003;  Semyanov  et  al,  2003).   As  the  current  carried  by  the  tonic  conductance  is 
several folds larger than the averaged IPSCs over time, the extrasynaptic GABAA receptors mediating 





receptors.    The  α5βγ  subtypes  have  also  been  shown  to  contribute  significantly  to  the  tonic 
conductance  in  hippocampal  neurons  (Glykys  et  al,  2008)  and  have  recently  been  reviewed 
elsewhere  (Martin et  al, 2009).   The  α6βδ  receptor  subtype  is  largely  found  in  cerebellar  granule 






both  dentate  gyrus  granule  cells  and  thalamic  relay  neurons  from  the  ventral  basal  thalamus 
(Porcello et al, 2003; Stell et al, 2003).   
   
The  δ‐containing GABAA  receptor  subtypes have a high apparent affinity  for GABA which enables 
them  to  respond  to  the  low concentrations of GABA present  in  the extracellular  space  (Farrant & 
Nusser, 2005; Saxena & Macdonald, 1996).  Furthermore, δ‐subunit containing GABAA receptors are 
thought  to  desensitise  less  extensively  and more  slowly  compared  to  synaptic  GABAA  receptors 
(Saxena  &  Macdonald,  1996).    Receptor  desensitisation  is  characterised  by  periods  of  non‐
conducting or closed states despite the agonist still being bound.  Therefore, fewer non‐desensitising 
receptors would be needed to generate a given tonic conductance.  Consequently the properties of 
δ‐subunit  containing  GABAA  receptor  subtypes  are  considered  to  facilitate  the  generation  of  a 
persistent  tonic  chloride  leak  (Farrant & Nusser, 2005; Glykys & Mody, 2007; Haas & Macdonald, 
1999).     
 
The  magnitude  of  the  tonic  conductance  will  depend  crucially  upon  the  extracellular  GABA 
concentration.   Activity dependent  vesicular  release  and  the  subsequent diffusion of GABA  away 
from  the  synaptic  cleft  is  thought  to  be  an  important  contributor  to  the  ambient  GABA 
concentration.    For  instance,  stimulation  of  GABAergic  interneuron  firing  by  the  addition  of  the 




contribute  to GABA  release.   Recently  it  has  been  proposed  that  a  large  proportion  of  the  tonic 




receptors  will  also  contribute  to  the  local  GABA  concentration  by  influencing  the  diffusion  and 
uptake of neurotransmitter.  For instance, in the cerebellum mossy fibre and golgi cell terminals are 
associated with multiple granule cell dendrites in a glomeruli structure surrounded by glia (Nusser et 







are  sodium  and  chloride  symporters.  Thus  their  activity  is  dependent  upon  both  the membrane 
potential  and  the  sodium,  chloride  and  GABA  concentration  gradients  (Richerson  & Wu,  2003).  





Phasic  inhibition  results  from  the  rapid and  synchronous activation of a  small number of  synaptic 
GABAA  receptors.    In  comparison  tonic  inhibition  is  generated  by  a  number  of  extrasynaptic 
receptors  localised  across  the  neuronal  surface.    Subsequently  extrasynaptic  GABAA  receptors 
respond  asynchronously  to  slow  changes  in  the  ambient GABA  concentration  (Farrant & Nusser, 
2005).   The consequence of a persistent chloride  leak  (similarly  to  the background potassium  leak 
described previously)  is an  increase  in the membrane  input conductance.   According to Ohm’s  law, 
the magnitude  of  the  input  conductance will  directly  influence  the  voltage  response  to  current  
(Semyanov  et  al,  2004).    The membrane  time  constant  (τ)  is  also  related  to  the  input  resistance 
(τ=RC, where C  is equal  to  the membrane capacitance  (Hille, 2001)).   Subsequently modulation of 
the  tonic conductance also affects both  the  time  course and  the  temporal  integration of  synaptic 
inputs  thus  influencing  the  probability  of  action  potential  firing.    Upon  removing  the  tonic 
conductance  (and  thus  lowering  the  input  conductance)  it would be expected  that  the excitatory 
post  synaptic potentials  (EPSPs) generated  in  response  to a given excitatory  input would become 
larger and slower than before.   This has been observed  in cerebellar granule cells where the tonic 




in an  increased action potential  firing  frequency  (Brickley et al, 2001).   The  same effect was also 






size,  limited number of processes and short dendrites  (Silver et al, 1992).   The morphology of  the 
granule cell results  in the soma and dendrites forming a single electrical compartment.   Therefore, 




along  the  x‐axis  (an  additive  or  subtractive  operation)  which  corresponds  to  a  change  in  firing 
threshold.  Alternatively the slope of the input‐output relationship can be modified reflecting a shift 
in  the gain or  sensitivity of a neuron  to changes  in excitatory  input  (Semyanov et al, 2004; Silver, 
2010).    If  the neuronal gain  is  reduced, a  larger  (or more  frequent) excitatory  input  is  required  to 
generate a given output  firing  frequency.   Therefore,  reductions  in gain allow  for sparse encoding 
during  periods  of  high  excitability.      On  the  other  hand  an  increase  in  gain  allows  a  neuron  to 
distinguish  between  subtle  changes  in  synaptic  inputs.   However,  as  neurons  possess  a maximal 
firing frequency an increase in sensitivity comes at the expense of the range of inputs a neuron can 
differentiate  (Pavlov  et  al,  2009).    The  variability  of  synaptic  inputs  (also  referred  to  as  the 
background synaptic noise) has been shown to affect the slope of the input‐output function (Chance 


















the  tonic  conductance  is  active  across  the  full  range  of membrane  potentials,  it would  also  be 
expected to shunt the background synaptic noise and thus  influence the gain.   Indeed  introduction 
of a tonic conductance resulted in a shift in both offset and gain when cerebellar granule cells were 
stimulated with  simulated  synaptic noise using  the dynamic  current  clamp  technique  (Mitchell & 
Silver, 2003).   However, α5βγ receptors have been shown to affect offset  independently of gain as 
these receptors are inherently outwardly rectifying in a symmetrical ion gradient (Pavlov et al, 2009).  
The biophysical properties of α6βδ  receptors and  their potential  to modulate both offset and gain 
will be considered in more detail in Chapter 4.   
 
The  ability  to modulate  firing  threshold  and  gain  allow  a  neuron  to maintain  its  firing  frequency 
within its operational range as network excitability changes.  For instance, Mossy Fibres excite both 
granule cells and the GABAergic Golgi cells (Wisden et al, 2009).  An increase in Mossy fibre activity 











The majority of general anaesthetics  (the exceptions being  the  small, apolar anaesthetics  such as 
xenon  and  cyclopropane)  have  been  shown  to  potentiate  GABAA  receptors  (Franks,  2008).  
Anaesthetic  enhancement  of  GABAergic  inhibition  may  contribute  to  loss  of  consciousness  by 
suppressing neuronal excitability (for instance, by increasing the tonic conductance) or by enhancing 
inhibitory  synaptic  inputs  (Bieda  &  MacIver,  2004).    During  sleep,  the  extracellular  GABA 
concentration has been shown to almost double in the thalamus (Kékesi et al, 1997; Wu et al, 2007), 
a region known to be  important for regulating the sleep‐wake cycle (Franks, 2008; Steriade, 2000).  





The  intravenous  anaesthetic  Propofol  (2,6‐di‐isopropylphenol),  is  an  example  of  an  anaesthetic 
which has been shown to act via GABAA receptors in vivo.  Propofol is an allosteric modulator at low 




conductance  in mediating Propofol  induced  loss of consciousness.   For  instance, Propofol has been 
shown to potentiate a tonic conductance in both cultured hippocampal neurons as well as layer 2/3 
pyramidal neurons from mouse neocortex (Bai et al, 2001; Drasbek et al, 2007).  Furthermore, it has 
been demonstrated  that  low  concentrations of Propofol enhanced  α4βδ and  α6βδ mediated  tonic 










GABAA  receptor  subtypes  and  have  been  shown  to  have  sedative,  anxiolytic,  analgesic  and 
anaesthetic effects (Belelli et al, 2009; Belelli & Lambert, 2005).  The endogenous neurosteroids such 
as  tetetrahydrodeoxycorticosterone  (THDOC)  are  found  at  low  concentrations  in  the  extracellular 
space.   At  these  low  nanomolar  concentrations  neurosteroids  selectively  potentiate  δ‐containing 
GABAA  receptor  subtypes  independently  of  synaptic  receptors  (Stell  et  al,  2003).    Indeed,  10nM 
THDOC has been  shown  to approximately double  the  tonic  conductance  in dentate gyrus granule 
cells (Stell et al, 2003).  Consequently, fluctuations in neurosteriod levels have been implemented in 




was  initially  developed  to  treat  a  number  of  disorders  including  pain,  anxiety  and  schizophrenia 
(Wafford & Ebert, 2006).  However, THIP was subsequently shown to promote slow wave, non‐REM 
sleep and sedation and entered into clinical trials as a potential hypnotic (Belelli et al, 2005; Lancel, 
1999; Lindquist et al, 2003; Mathias et al, 2001; Winsky‐Sommerer, 2009).   At  low doses THIP  is a 
specific  δ‐containing  GABAA  receptor  agonist  with  little  or  no  activation  of  γ‐receptor  subtypes 
(Stórustovu & Ebert, 2006).  During rapid agonist applications THIP behaves as a super agonist at δ‐
containing  GABAA  receptors  with  Brown  and  colleagues  demonstrating  a  163%  increase  in  the 
maximal  peak  GABA  response  of  α4β3δ  receptors  (Brown  et  al,  2002).    This  is  in  contrast  to  γ‐
containing receptor subtypes where THIP has only partial agonism (Brown et al, 2002; Mortensen et 




The  consumption  of  ethanol  is  known  to  alter  behaviour with  anxiolytic,  sedative  and  hypnotic 
effects  as well  as  impairing motor  coordination  and  cognition  (Kumar  et  al,  2009).    It  has  been 
proposed  that  the behavioural  changes  related  to  social drinking  (typically  consuming 3  – 30mM 
ethanol) may be due in part to the activation of extrasynaptic GABAA receptors.  Indeed ethanol has 
been shown to potentate the tonic conductance in dentate gyrus granule cells (Wei et al, 2004).  As 





of  neurosteroids  (Sanna  et  al,  2004)  or  increasing  GABA  release  (Carta  et  al,  2004).    However, 
ethanol may also have a direct effect upon GABAA receptors.  Recently low concentrations (less than 







































down  their  electrochemical  gradient.    Therefore,  the  increase  in  the  input  conductance  at more 
depolarised potentials, alongside the corresponding reduction  in the membrane time constant, will 
actually  aid  action  potential  firing  by  contributing  to  the  repolarising  phase  of  the  AP  and  by 
speeding  up  action  potential  rise  and  decay.    This  has  been  observed  previously  in  acute  slice 






an  action  potential  in  the  absence  of  voltage  dependent  potassium  channels.    This  will  be 
investigated  theoretically using a simple one compartment model  to determine whether a voltage 
gated  sodium  channel  and  a  non‐linear GHK  leak  conductance  are  the minimal  requirements  for 
action potential generation.  Next this hypothesis will be tested experimentally using a recombinant 
expression  system  and  the  conductance  injection  (also  referred  to  as  dynamic  current  clamp) 
technique.  Either TASK3 or TREK1 (chosen as these are the two most well characterised members of 
the  K2P  family) will  be  transiently  expressed  into HEK293T  cells.    To  avoid  additional  cell  to  cell 
variability due to differences  in expression  levels a Hodgkin‐Huxley modelled voltage gated sodium 
conductance will be  introduced  into  the cell using conductance  injection.   The ability of a voltage 
gated  sodium  conductance  and  a  K2P  leak  to  support  single  and high  frequency  action potential 
firing will be determined. 
 
The  contribution  that  K2P  channels  make  to  action  potential  shape  will  depend  upon  their 
subcellular  localisation.   For  instance,  inhibition of axonal K2P channels or those at the presynaptic 
34 
 
terminal would  be  anticipated  to  broaden  the  action  potential  due  to  a  reduction  in  the  input 
conductance and an increase in the membrane time constant.  Therefore, a broader action potential 
will  result  in  a  prolonged  activation  of  voltage  gated  calcium  channels  and  an  increase  in 
neurotransmitter  release.    This  is  seen  in  Aplysia  californica  when  a  presynaptic  background 
potassium conductance (mediated by S‐type potassium channels) with similar properties to TREK1 is 
inhibited by  serotonin  via  the GαS pathway  (Honoré, 2007;  Siegelbaum et al, 1982).   However, at 
present the subcellular  localisation of K2P channels  is unknown.   This will be  investigated using an 
electrophysiological approach  to determine whether or not K2P  leak  conductances are present  in 







Finally  the properties of  the  tonic  chloride  leak  conductance mediated via  the  α6βδ extrasynaptic 
GABAA  receptors  will  be  investigated.    The  α6βδ  GABAA  receptors  are  localised  away  from  the 




are more physiologically relevant to synaptic receptors.   The aim of this study  is to  investigate the 
properties of α6βδ  receptors  in  the presence of  steady‐state ambient GABA and compare peak  to 
steady state responses.  The δ‐subunit has been known to be difficult to incorporate into functional 
GABAA receptors in recombinant expression systems.  Trafficking of the δ‐subunit to the cell surface 
will be monitored by using a pH sensitive GFP  tag  (Ashby et al, 2004) attached  to  the N‐terminus 
(Bright  et  al,  2011).    Functional  incorporation  of  the  δ‐subunit will  be  assayed  based  upon  the 
differential  zinc  sensitivities  of  α6βδ  receptors  and  binary  α6β  receptors.    Previously  it  has  been 
shown  that  the presence of ambient GABA  limits  the potentiation of synaptic GABAA  receptors by 
anaesthetics  (Harris et al, 1995).   However,  the affect of ambient GABA and anaesthetic action at 
α6βδ receptors is unclear.  Therefore, the presence of low, medium and high (steady state EC10, EC50 




2 Materials and Methods 
2.1 Mammalian cell culture 
 
A modified Human Embryonic Kidney (HEK-293) cell line designated tSA-201 and HEK293T (European 
Collection of Cell Cultures (ECACC) catalogue no. 96121229) was used for recombinant expression 
and subsequent electrophysiology experiments.  This cell line has been transformed with the large T 
antigen from simian virus 40 (SV40).  As well as manipulating tumour suppressor and cell cycle 
regulatory proteins, the large T antigen acts as a transcription factor allowing for high-level episomal 
replication of  plasmid DNA containing an SV40 promoter  (Ali & DeCaprio, 2001), see routine DNA 
preparation).   
All cell culture was performed in a laminar flow hood using standard aseptic techniques.  Cell 
monolayers were grown to 70-80% confluence in 75cm2 sterile tissue culture flasks and maintained 
at a constant 37oC and 5% CO2 in a humidified incubator. The culture medium (essential Dulbecco’s 
Modified Eagles Medium or essential DMEM) was supplemented with 1% non essential amino acids, 
10% heat inactivated fetal bovine serum (HIFBS), 1% Penicillin (10000 U/ml)/ streptamicyin 
(10mg/ml) and 200mM L-glutamine.  
2.1.1 Routine cell passage 
 
Cells were routinely passaged three times a week.  Briefly, the spent culture medium was removed 
and the cells dissociated from the bottom of the flask by the addition of either 2 ml of non-
enzymatic cell dissociation solution or trypsin (both from Sigma).  After a 5 - 10 minute incubation 
period at 37oC/5 % CO2 the cells were dislodged from the bottom of the flask and the dissociation 
media neutralised by the addition of 4 ml of culture media.  The cell suspension was then transferred 
to a 15 ml falcon tube and spun in a centrifuge (Thermo Electron IEC CL31R multispeed) at 100g for 3 
minutes.  The supernatant was discarded and the cell pellet resuspended in 5 ml of culture medium.  
This suspension was then diluted 1:9 to 1:15 (depending on desired cell density) into 75cm2 sterile 
tissue culture flasks containing culture media with a final volume up to 5 ml.  The remaining cells 





2.1.2 Cell plating for electrophysiology 
 
The suspension of tSA-201 cells from continuous culture was further diluted 1:26 in culture medium. 
0.5 ml/well of this suspension was added to 4 well plates (Nunc) containing 13mm round glass 
coverslips.  The coverslips were coated with poly-D-lysine to facilitate cell adhesion and were 
prepared as follows; after sonication in ethanol for 30 minutes to remove contaminates, coverslips 
were flame sterilised before adding one coverslip to each well in the plate.  Coverslips were then 
incubated with Poly-D-Lysine (1 mg/ml) for 30 minutes, any excess removed and the plates sterilised 
for 1 to 2 hours under a ultra-violet lamp before use. 
2.1.3 Cyropreservation and reanimation of cells 
 
After a number of passages the cell quality deteriorated and they were no longer suitable for 
electrophysiology.  Consequently frozen stocks of tSA-201 cells at a low passage number were 
required to ensure a continue supply of viable cells.  For cryopreservation, cells were dissociated 
from a 175 cm2 culture flask as described above, pelleted and resuspended in cryopreservation 
medium (90% heat inactivated foetal bovine serum (HIFBS), 10% dimethylsulfoxide (DMSO)) at a 
density of equal to or greater than 106 cells/ml.  The cells were then rapidly aliquoted into 1 ml 
cyrovials and stored long term in liquid nitrogen.  To reanimate, each aliquot was rapidly thawed in a 
37oC waterbath and transferred to a 15 ml falcon tube.  Next 9 ml of culture medium was added to 
neutralise the DMSO (which is toxic to the cells at room temperature), spun at 100g for 3 minutes 
and the pellet resuspended in 5 ml of growth medium.  The cell suspension was seeded into small 










2.2 Routine DNA preparation 
 
The cDNA constructs used are shown in table 2.1.  DNA constructs were subcloned into either a 
pRK5, pcDNA3.1 or pCS2+ vector backbone.  These plasmids contain the ampicillin resistance gene 
for selection of successfully transformed bacteria during routing plasmid preparation, a 
cytomegalovirus (CMV) promoter for high protein expression in mammalian cells as well as the SV40 
early promoter.  The SV40 allows for episomal expression of plasmid DNA in cells containing the 
SV40 large T antigen (see Section 2.1).   
Amplification of plasmids was performed using chemically competent Escherichia coli (XL1-Blue, 
Stratagene).  The cells were transformed using the heat shock method.  Briefly; 2µl of plasmid DNA 
was added to 25 µl of chemically competent cells and incubated on ice for 30 minutes.  Next the 
cells were heat shocked for 30 seconds at 42oC and rapidly cooled for two minutes on ice.  90 µl of 
super optimal broth (SOC) was then added to the cells before placing into a 37oC shaking incubator 
(at 200 rpm) for 1 hour.  Once incubated cells were streaked onto fresh agar plates containing 
50µg/ml ampicillin to select for successful transformants.  After incubation overnight at 37oC single 
colonies were selected to inoculate 5 to 100mls of Luria-Bertani broth (LB, Sigma) broth containing  
50µg/ml ampicillin using a flame sterilised tungsten inoculation loop.  The inoculated broth was 
incubated overnight in the shaking incubator at 37oC.  The broth was then used to extract plasmid 
DNA from the transformed cells using either the Qiagen Mini-prep or Midi-prep kit depending upon 
the quantity of DNA required as per manufactures instructions.  DNA was resuspended in either 
sterilised nuclease free water or elution buffer (Qiagen) and placed in aliquots at -20oC for long term 























KCNK9 TASK3 Mus 
Musculus 
NM_010608.2 pCS2+ 200 
KCNK2 TREK1 Homo 
Sapiens 
NM_001017424.2 pcDNA3.1 500 
GABRA1 GABAA  α1 Homo 
Sapiens 
NM_000806.5 pcDNA3.1 100 
GABRA6 GABAA  α6 Mus 
Musculus 
NM_001099641.1 pRK5 100 
GABRB2 GABAA β2 Mus 
Musculus 
NM_008070.3 pRK5 100 
GABRB3 GABAA β3 Mus 
Musculus 
NM_008071 pRK5 100 
GABRG2 GABAA γ2s Homo 
Sapiens 





NM_017289.1 pRK5 100 
 
 
Table 2.1| cDNA clones used in this study, including species, vector backbone and transfection 
concentration.  
 
2.2.1 Analysis of DNA 
 
The cDNA constructs were routinely analysed by specific restriction digestion and gel 
electrophoresis.  1µl of the appropriate restriction enzymes (New England Biolabs) were added to 
approximately 3µg of plasmid DNA, 2µl of the corresponding restriction digestion buffer (as per 
manufactures specifications) and made up to 20µl in sterilised nuclease free water.  After incubating 
for 1 hour at 37oC the DNA fragments were analysed by gel electrophoresis.  To prepare gels 
containing 8 to 14 wells, 1% agarose (Sigma) was dissolved in tris-acetate-EDTA running buffer (TAE, 
in mM; 40 Tris-acetate, 1 EDTA).  Once cooled the molten agarose was poured into the casting tray.   
When completely set, the casting surrounds were removed and the gel was immersed in running 
buffer.  Next the DNA was diluted in loading buffer (30% glycerol, 0.25% bromophenol Blue, 0.25% 
xylene cyanol FF) and loaded into the wells.  A DNA ladder of appropriate size (New England Biolabs) 
was added to a further well to assess the size of the DNA fragments.  Gels were run for 40 – 60 
minutes at 80V and post stained in ethidium bromide (1µg/l, promega) for 10 – 20 minutes.  After 
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rinsing any excess ethidium bromide in tap water DNA bands were visualised on a UV 
transilluminator (BDH, UK), and images taken using the Kodak EDAS 290 (Kodak, UK). 
DNA concentration was determined by ultraviolet spectroscopy.  The absorption of the DNA was 
measured in standard OD units at 260 and 280nM using either a Beckman DU530 
spectrophotometer or the nanodrop (ND-1000).  To generate a DNA concentration in µg/ml the 
absorbance at 260nM was multiplied by 50 which is the extinction coefficient for double stranded 
DNA.  The ratio between the absorbances at 260nM and 280nM was used to indicate the quality of 
the DNA sample with a purity of greater than 1.8 being classed as acceptable.   
2.3 Calcium Phosphate Transfection 
 
The tSA201 cell line was transiently transfected with the appropriate two-pore domain potassium 
channel or GABAA receptor subunit cDNA (see table 2.1 for subunits and transfection 
concentrations) using the calcium phosphate technique.  Briefly; 225mM CaCl2, cDNA and H2O (up to 
25µl/15mm well) were mixed in a sterile eppendorf tube.  To this an equal volume of HEPES 
buffered saline plus 900µM Na2HPO4 was added.  The contents of the tube were mixed by gentle 
agitation and incubated for 5 -20 minutes at room temperature before adding dropwise to the 
plated cells.  After this addition the cells were incubated for 7-9 hours at 37oC and 3% CO2 in a 
humidified incubator for optimal transfection efficiency (Chen & Okayama, 1987) before washing 
twice with Phosphate Buffered Saline (PBS).  After washing and the addition of fresh culture media 
the cells were incubated at 37oC and 5% CO2 in a humidified incubator overnight before being used 
in electrophysiology experiments.   
To allow ready identification of positively transfected cells channel cDNA was co-tranfected with an 
equal amount of reporter cDNA encoding green fluorescent protein (GFP).  The exception to this 
being GABA receptor combinations containing the δ-subunit (Bright, et al 2011).  The N-terminus of 
the δ-subunit was labelled with the fluorescent tag superecliptic pHluorin (SEP).  SEP is a GFP variant 
with pH sensitivity.  The pKa of the SEP fluorophore is approximately 7.1 meaning that it has greater 
fluorescence extracellularly, where the pH is 7.3, compared to acidified vesicles which have a pH of 
5.6 (Ashby et al, 2004).  Surface fluorescence was used to indentify cells where the δ-subunit had 






2.4 Preparation of acute parasagittal cerebellar slices 
 
All experiments were performed in accordance with the United Kingdom Animals (Scientific 
Procedures) Act of 1986 and have been approved by the Ethical Review Committee of Imperial 
College London.   Prior to preparation of slices all artificial cerebrospinal fluid (ACSF) solutions were 
freshly prepared and bubbled with 5% CO2 and 95% oxygen for at least 30 minutes.  Once bubbled 
the solutions were at pH 7.4.  Additionally the ‘slicing’ ACSF solution was incubated on ice.  Male 
adult (81 ± 6 d of age) C57Bl/6J mice were anaesthetised with halothane and sacrificed by cervical 
dislocation followed by decapitation.  To ensure viable slices the brain must be removed and 
immersed in ice cold slicing solution in the minimum possible time (preferably under one minute).  
To remove the brain a midline cut was made using a scalpel and the skin peeled back.  Next two cuts 
were made on either side of the skull with surgical scissors, and the skull carefully removed revealing 
the brain tissue.  The tissue was then immersed in ice cold slicing ACSF solution (in mM; NaCl 85, KCl 
2.5, CaCl2 1, MgCl 4, NaH2PO4 1.25, NaHCO3 26, sucrose 75, glucose 2) bubbled with 5% CO2 and 95% 
oxygen.  The brain was carefully removed using a spatula to loosen the olfactory bulb and break the 
optic nerve.  Once removed the brain was prepared for blocking by pinning to the base of a petri 
dish with a Sylgard bottom containing ice cold slicing ACSF solution bubbling with 5% CO2 and 95% 
oxygen.  The cerebellum was removed from the forebrain by cutting the brain coronally in front of 
the cerebellum.  The brain stem was retained to increase the stability of the block whilst slicing.  The 
cerebellum was then cut sagittally across the midline and either tissue block used for slicing.   
Slices were produced using a vibratome tissue slicer (Campden instruments).  Prior to slicing the 
slicer was prepared by surrounding the metal stage with ice and ice cold water.  Firstly removing any 
condensation from the surface of the metal stage the flat base of the prepared tissue was secured 
onto the stage using a thin layer of cyanoacrylate (or ‘super’) glue.  Once the glue has began to set 
the tissue block was immersed in ice cold slicing ACSF and bubbled with 5% CO2 and 95% oxygen.  
The tissue was orientated so that the white matter tract was facing away from the blade to ensure a 
clean slice.  Sagittal slices were cut at a thickness of 250µM and were immediately transferred to a 
holding chamber (Figure 2.1) containing ice cold slicing ACSF and continuously bubbled with 5% CO2 
and 95% oxygen.  The holding chamber was maintained on ice until all the slices had been taken.  
Once slicing was complete the holding chamber was transferred to a 37oC heat block for 40 minutes 
and the sucrose containing slicing ACSF gradually exchanged for ‘recording’ ACSF (in mM): NaCl 125, 
KCl 2.5, CaCl2 1, MgCl 2, NaH2PO4 1.25, NaHCO3 26, glucose 25, pH 7.4 when bubbled with 95 % O2 
and 5 % CO2).  Once exchange was complete the slices were allowed to cool to room temperature 




Figure 2.1| Diagram of the slice holding chamber 
The chamber was made from a 100ml beaker which contained the slice support.  The slice support 
was made from a truncated polypropylene conical centrifuge (or ‘Falcon’) tube.  The bottom of the 
Flacon tube was removed and replaced with a mesh generated from stretched cotton muslin 
strands.  The mesh was held in place by a ring slightly larger than the diameter of the tube.  The 
slices were placed onto the mesh (avoiding any overlapping) which provided a surface onto which 
the slices could be supported whilst being surrounded by oxygenated external solution.  The slice 
support was fixed in place by a piece of stiff clear plastic tubing wedged in to the beaker well below 
and a little above the cotton mesh.  Into the stiff plastic tubing a syringe needle connected via tubing 
to a gas cylinder containing 95% oxygen and 5% CO2.was placed.  Activating this set-up generated a 
stream  of bubbles which rose up the tube drawing solution with them.  This resulted in a current of 
oxygenated solution which flowed down onto the slices without disturbing them (diagram adapted 
from (Ogden, 1994)).  Arrow represents the current flow of oxygenated solution.         
 
2.5 Sciatic nerve dissection  
 
The sciatic nerve was dissected from adult wild type C57BL/6J mice.  This protocol is based upon the 
methods of Wilson and Chiu (1990) and Koh et al. (1994).  C57Bl/6J mice were anaesthetised with 
halothane and sacrificed by cervical dislocation followed by decapitation as described previously. 
The mice were held in place on a dissecting board and visualised under a dissecting microscope and 
light source. The sciatic nerve originates predominantly from the third lumbar (L3) and forth lumbar 
(L4) spinal nerves (Rigaud et al, 2008) and was exposed by firstly, removing the skin surrounding the 
hindquarters of the mouse and then carefully teasing apart the gluteal muscle.  Approximately 1 cm 
of nerve was carefully dissected from the mouse, avoiding compressing and placed into calcium free 




2.5.1 Preparation of sciatic nerve for electrophysiology 
 
To dissociate the individual fibres ready for electrophysiology the sciatic nerve was exposed to 
2mg/ml of type II collagenase (Sigma, 553U/mg) dissolved in calcium free Ringers Buffer (mM 154 
NaCl, 5.6mM KCl, and 3mM HEPES titrated to pH 7.3 with NaOH) and incubated in a shaking 
incubator (at 200 rpm) at 37oC for two hours.  Once incubated the fibres were treated to three five 
minute washes in calcium free Ringers buffer and gently teased apart with fine gauge needles.  To 
liberate the individual axons the fibres were shaken vigorously by hand.  The axon preparation was 
then sandwiched between two coverlips (with the bottom coverslip coated in poly-D lysine) and left 
for 1 hour to facilitate adhesion.  For electrophysiology recordings the plated axons were transferred 
to a normal Ringers solution containing 2.2mM CaCl2 and the top coverslip was gentle pushed aside 
to reveal the axons.   
2.6 Electrophysiology 
 
The properties of both two-pore domain potassium channels and GABAA receptors were investigated 
using the whole cell patch clamp technique (Hamill et al, 1981).   
2.6.1 Experimental setup 
 
The experimental set up is shown is Figure 2.2.  Whole cell patch clamp electrophysiology requires 
both electrical and mechanical isolation.  Electrical isolation was achieved by shielding the recording 
apparatus using a Faraday cage.  To prevent ground loop noise all apparatus within, and including, 
the Faraday cage was grounded to a single point before connecting to the signal ground on the 
amplifier (Axopatch 200B, Molecular Devices, Foster City, CA).  To eliminate any extraneous 
mechanical movement the recording apparatus was mounted upon an anti-vibration table. 
HEK293T cells, cerebellar slices and sciatic nerve were visualised using a fixed stage upright 
microscope (DM LFS, Leica) on an xy stage and fitted with an immersion objective (Leica 63x), a 
digital camera, a fluorescent light source and infrared differential interference contrast (IR-DIC).  To 
determine the anatomical location in cerebellar slices a low powered non-immersion objective was 
used (Leica 10x) before switching to the immersion objective.   
Cerebellar slices, sciatic nerve and HEK293T cells were maintained at room temperature (19-23 oC) in 
a glass bottomed bath held upon a fixed platform (Sutter Instruments Company).  Samples were 
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continuously perfused with the appropriate external solution.  Solution entered the bath via a 
gravity perfusion system at a rate of 3ml/min.  A suction pipe driven by a peristaltic pump 
(Pharmacia Biotech P-1) removed solution from the bath.  During slice experiments all solutions 
were continuously bubbled with 5% CO2 and 95% O2.  Solution flow through the bath can cause 
movement of the preparation during recording.  To prevent this glass coverslips were immobilised 
on the bottom of the bath by applying a small amount of laboratory grease to the edge of the 
coverslip before placing in the bath.  Cerebellar slices were held in place using a ‘harp’ made from a 
flatten piece of platinum wire coated with individual nylon strands attached with cyanoacrylate glue.   
Patch pipettes were fabricated from thick walled borosilicate glass capillaries (1.5 mm o.d., 0.86 mm 
i.d., Harvard Apparatus) using a two step vertical puller (Narishige, PC-10).  Pipette resistances were 
typically less than 10MΩ when back filled with internal solution (see 2.6.2; experimental 
procedures).  The pipettes were held securely in place using a custom microelectrode holder (G23 
Instruments, University College London, UK).  The holder incorporates a side arm which allows for 
the addition of positive or negative pressure to the pipette via a syringe and PTFE tubing.  The holder 
also contained a silver chloride coated wire to allow electrical connectivity between the ionic 
internal solution and the amplifier headstage.  The amplifier headstage was connected in turn to the 
Axopatch 200B amplifier (Molecular Devices; Foster City, CA).  Fine and course movement of the 
pipettes were controlled by micromanipulators (MP-225, Sutter Instrument Company) mounted 
upon a fixed platform.  Amplifier output was filtered at 10 kHz (–3 dB, 8-pole low-pass Bessel) and 
digitized at 50 kHz via a National Instruments digitization board (NI-DAQmx, PCI-6052E; National 
Instruments, Austin, Texas) linked to a dedicated PC.  Data acquisition was performed using 
WINWCP (Version 4.1.2) and WINEDR (Version 3.0.9) kindly provided by John Dempster (© John 




Figure 2.2| The experimental set – up 
Preparations were visualised using a fixed stage upright microscope (DM LFS, Leica) mounted on an 
XY platform fitted with an immersion 63x objective, a non-immersion 10x objective and a digital 
camera.    The microscope and amplifier headstage were placed on an anti-vibration table and 
enclosed by a Faraday cage.   The amplifier headstage was mounted upon a set of 
micromanipulators (Sutter Instrument Company) and connected to an Axopatch 200B amplifier 
(Molecular Devices, Foster City, CA).  The amplifier was connected to a PC via the data acquisition 
board which performed the digital to analogue conversions.  For conductance injection experiments 
(see Section 2.7) the slave PC acted as an embedded processor.  The slave PC calculated in real time 
the current that would be generated by the virtual conductance (as programmed by the master PC) 
at the measured membrane potential.  This information was then returned to the command voltage 
on the amplifier via the data acquisition board.   During conductance injection experimental data 
was stored on digital audio tape (DAT) for subsequent offline analysis.   
 
2.6.2 Experimental procedure 
A patch pipette was firstly back filled with 0.2 µm filtered internal solution.  For two-pore domain 
potassium channel, sciatic nerve and granule cell experiments the internal solution contained (in 
mM) 120 KCH3SO4, 4 NaCl, 10 HEPES, 5 EGTA, 1 MgCl2, 1 CaCl2, 3 Mg-ATP, 0.3 Na-GTP (pH 7.3 with 
KOH).  During granule cell recordings the internal solution also contained 1 mg/ml of the fluorescent 
dye Lucifer yellow (Sigma, Poole, UK) to allow for later confocal imaging.  For GABAA receptor 
recordings the internal solution contained (in mM) CsCl 140, NaCl 4, CaCl2 0.5, HEPES 10, EGTA 5, 
Mg-ATP 2; the pH was adjusted to 7.3 with CsOH.  When recording from HEK293T cells the bath 
contained the following extracellular solution (in mM); 145 NaCl, 2.5 KCl, 1 CaCl2, 3 MgCl2 and 10 
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HEPES, titrated to pH 7.3 (or pH 5 when stated) with NaOH.  During two-pore domain potassium 
channel experiments the external solution also contained 10mM tetraethylammonium-Cl (TEA-Cl) 
unless otherwise stated. The patch pipettes were secured into the electrode holder and carefully 
lowered into the bath using the micromanipulators.  Next, the recording offset between the external 
solution and internal pipette solution was offset using the amplifier controls.   As it is essential that 
the tip of the pipette is kept clean, positive pressure was applied to the pipette to prevent any debris 
attaching to the tip of the pipette before it reaches the cell.  Using the fine controls of the 
micromanipulator the pipette was carefully lowered onto the cell surface.  During slice recording 
positive pressure was also used to move away connective tissue and allow pipette access to the 
target neuron.  Once in contact with the cell membrane the positive pressure was removed and a 
small amount of negative pressure was applied to form a tight seal between the cell membrane and 
the pipette.  The command voltage was set to -60mV and seal formation was monitored by the 
application of a 10 mV square wave and the resistance calculated using Ohm’s law.  Once a high 
resistance seal (greater than 2 to 3 GΩ, or a ‘Gigaseal’) had formed any capacitance errors associated 
with the pipette were offset using the amplifier controls.  Once a seal had formed negative pressure 
was increased to rupture the membrane beneath the pipette resulting in the internal pipette 
solution becoming contiguous with the interior of the cell.  This is termed the whole cell recording 
configuration and was monitored by the formation of large capacitive transients at the leading and 
trailing ends of the current pulse.  These transients reflect the membrane capacitance of the cell.   
2.7 Conductance Injection 
 
The conductance injection technique is a modified form of current clamp (Kullmann et al, 2004).  It 
works by simultaneously measuring the membrane potential and calculating in real time the current 
that would be generated by the simulated conductance at that potential.  The calculated current is 
then injected back into the cell.  Any conductance or group of conductances that can be described 
mathematically can be introduced into a cell using this technique.  To produce the minimum 
requirements for action potential propagation the conductance injection technique was used to 
generate an artificial sodium conductance alongside a leak conductance.  The leak conductance was 
provided by HEK293Tcells expressing transiently transfected TASK3 or TREK1 channels as described 
previously.  Simulating the presence of a sodium conductance eliminated any additional cell to cell 
variability due to differences in channel expression levels.  The artificial sodium conductance was 




For the activation gate (m) 
𝛼𝑚= 0.36(𝑉 + 33)1 −  𝑒(−𝑉−33)3  
 
 
𝛽𝑚 = −2(𝑉 + 42)1 −  𝑒(−𝑉−42)20  
 
 
𝑚 = 𝑚 +  𝑑𝑡10 (𝛼𝑚 −𝑚(𝛼𝑚 + 𝛽𝑚)) 
 
For the inactivation gate (h) 
𝛼ℎ= −0.1(𝑉 + 55)1 −  𝑒(𝑉+55)6  
 
 
𝛽ℎ  = 0.451 +  𝑒(−𝑉)10  
 
 
ℎ = ℎ +  𝑑𝑡2 (𝛼ℎ − ℎ(𝛼ℎ + 𝛽ℎ)) 
 
For the total sodium current (INa) 
 
𝐼𝑁𝑎 =  ?̅?𝑁𝑎𝑚2ℎ(55 − 𝑉) 
 
Where m represents the probability that a sodium channel will be in the open state whereas, h 
represents the probability that a sodium channel is not inactivated (Hille, 2001).  αm,βm and αh,βh 
represent thecorresponding voltage dependent rate constants for the channel entering and leaving 
the permissive conducting state.    
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2.7.1 Experimental setup 
 
The conductance injection was implemented using G-Clamp (Kullmann et al, 2004) running in 
LabVIEW Real-Time (National Instruments, Austin, Texas).   Calculations were performed using a 
slave computer running the real time operating system as an embedded processor thus, making use 
of the computers full bandwidth.  The real-time loop within the embedded processor calculated the 
appropriate current for the given artificial conductance using the membrane potential input from 
the amplifier and Ohm’s law.  The calculated current was then returned to amplifier as the command 
current.  The embedded processor interfaced with the amplifier via a multifunction data acquisition 
board (DAQ, PCI-6052E, National Instruments, Austin, Texas).  The slave computer was controlled by 
a master computer via an Ethernet cable.   All experimental programming was performed on the 
master computer using the G-Clamp user interface.  All data was recorded onto Digital Audio Tape 
(DAT) for subsequent offline analysis.  To ensure that the requested mathematical operations are 
achieved during each real-time loop the conductance injection system requires minimal variation 
between cycles.  In this set-up the maximum variation reported by the system when implementing 
the voltage gated sodium conductance was 11± 0.08 μs, which was well within the sample interval of 
50μs used during these experiments 
 
2.8 Drug solutions and application 
 
Unless stated in the text all drug applications were bath applied using a gravity perfusion system 
with a flow rate of at least 3ml/minute with a maximum bath volume of approximately 2.4ml.  
Solutions were transferred to the bath via PTFE tubing and initially drawn up using a syringe.  
Removal of solution from the bath was performed via a suction pipe connected to a peristaltic pump 
(Pharmacia Biotech P-1). 
Manifold applications were performed in collaboration with Thomas McGee and used a gravity feed 
system via an 8 unit solenoid driver switch system, which was controlled via WinEDR software and 
TTL pulses.  8 different GABA concentrations ran through the solenoids to a small diameter manifold 





2.8.1 Drug solutions 
 
- Tetra-ethyl-ammonium chloride (Sigma) was dissolved in water and stored at 4oC in a 
100mM stock solution 
- Zinc chloride (Sigma) was dissolved in water and stored as a 1mM stock solution 
- GABA (Sigma) was made up fresh each day in external solution and serial diluted from a 
1mM starting solution to the desired concentration 
- Propofol (Sigma) was made freshly on the day by dissolving in DMSO to a concentration of 
150mM and serial diluted to a final concentration of 1.5 µM Propofol and 140µM DMSO. 
- 200 proof ethanol was dissolved in external solution to a concentration of 30mM each day. 
- THIP (4,5,6,7-tetrahydroisoxazolo[5,3-c]pyridine-3-ol or Gaboxadol, Tocris) was dissolved in 
water to a concentration of 1mM, aliquoted and stored at -20oC. 
- Halothane (ICI Ltd.,Macclesfield, Cheshire, UK) was prepared by Dinesh Silvakumar as 
volume fractions of a saturated aqueous solution with the concentration of the saturated 
solution taken to be 17.5mM (Fairhurst & Liston, 1979).  200µl of 99% pure liquid halothane 
was diluted in 20ml of water and vortexed for 5 minutes with 1 minute rest periods.  The 
solution was then centrifuged for 3 minutes and dilutions made in 25ml glass vials which 
were caped and covered in aluminium foil to prevent loss of halothane.  During recordings 
the solution reservoirs were sealed with a rigid plastic float to prevent evaporation.   
2.9 Microscopy 
 
2.9.1 Confocal imaging of cerebellar granule cells 
 
Following electrophysiological recording the anatomical location of filled cells within the slice was 
carefully noted and the slice fixed overnight in 4% 1-Ethyl-3(3-dimethylamino-propyl)carbodiimide 
(EDAC, 400mg/10ml),1% N-hydroxysuccinimide (20mg/10-20ml) in phosphate buffer.  The slices 
were then mounted without washing in a photobleaching protective medium (Vectashield; Vector 
Labs, Burlingame, CA).  Mounted slices were visualised using a Zeiss LSM 510 upright confocal 
microscope (Carl Zeiss, Jena, Germany) with a 40x oil-immersion objective.  To visualise the 
fluorescence the slices were excited with a 458 nm line of an argon laser and the emitted light 
filtered through a 475 nm long pass filter.  The cerebellar granule cells were split into 0.5µM optical 
z-sections.  Each z-section was the average of at least 2 scans to improve the signal to noise ratio.  
Three dimensional reconstruction and subsequent morphological analysis of the cerebellar granule 
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cells was performed using Reconstruct© (software version 1.0.9.6) (Fiala, 2005).  Reconstruct 
software calculates the surface area as follows: 
 
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 =  ∑ 𝑙𝑒𝑛𝑔𝑡ℎ 𝑥 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑎𝑙𝑙 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑠     
                     
where length is the perimeter of the object. The equation assumes uniformity throughout a section.  
As, neuronal area will change between z-sections this introduces a potential source of error in the 
surface area estimates.  However, this was reduced by using z-sections as thin as possible.   
 
 2.9.2 Immunostaining and fluorescence imaging of the sciatic nerve 
 
The antibodies used for immuostaining and immunoblotting of the sciatic nerve are shown in table 
2.2.  The monoclonal antibody for neurofilament 200 (NF200; Millipore, USA) was used as a positive 
marker of myelinated axons.   








Mouse 1:100 1:1000 Millipore, USA 
Polyclonal  
TASK3 
























Goat - 1:1000 Dako 
 
Table 2.2| Antibodies and dilutions used for immuno- and Western – blotting 
The antibodies, dilutions and original references are displayed. 
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The following protocol was based upon published methods (Arroyo et al, 1999; Caldwell et al, 2000; 
Poliak et al, 2001).  Approximately 1 cm of freshly dissected sciatic nerves (as described previously) 
were washed gently in Ringers buffer and fixed in 4% (w/v) paraformaldehyde/phosphate buffered 
saline (PBS) for 30 minutes.  The fibres were then washed for five minutes in PBS.  This was repeated 
three times.  To reveal the individual axons the sciatic nerves were mechanically teased apart very 
gently using fine gauge needles onto 13mm round coverslips previously coated with 10 µl/cm2 of 2% 
(w/v) gelatine (Sigma, Poole, UK).  Coverslips were prepared fresh each day and were left to dry for 
at least two hours before use.  Once teased the sciatic nerve fibres were left to dry for two hours at 
room temperature.  At this stage the coverslips could be stored at -20oC until required.  Once dried 
the teased fibres were post-fixed and permeablised with -20oC acetone for 10 minutes and washed 3 
times for 5 minutes in PBS.  Next the fibres were incubated for two hours in blocking solution (10% 
goat serum/0.2% TRITON X-100/PBS) to reduce any non-specific antibody binding.  Afterwards the 
fibres were incubated overnight at 4oC with the appropriate primary antibody diluted in 100µl of 
blocking solution.  The next day the fibres were washed again 3 times for 5 minutes in PBS before 
being incubated for a further 2 hours with the appropriate secondary antibody diluted in blocking 
solution.  After washing again 3 times in PBS for 5 minutes the coverslips were mounted using 
Vectorshield mounting medium (Vector Labs, Burlingame, CA).  Sciatic nerve axons were visualised 
using a Nikon upright fluorescent microscope and a 40x objective.  To visualise the fluorescence the 















2.10 Western Blotting 
 
2.10.1 Casting 12% SDS-PAGE gels 
 
Two glass plates were cleaned with 70% ethanol and secured into the casting tray (Biorad).  Avoiding 
bubbles the 12% resolving gel was carefully poured between the two glass plates and left to set.  A 
small amount of distilled water was applied to the top of the resolving gel to prevent evaporation of 
the solution whilst setting.  The resolving gel recipe (per gel) was as follows; 1 ml Protogel (national 
diagnostics, EC890), 625 µl X4 resolving buffer (Applichem, A1411,0500), 875 µl of distilled water, 10 
µl Ammonium persulfate (APS) and 10 µl TEMED.  The APS and TEMED are the acrylamide 
polymerisation agents and were added immediately before pouring the gel.  Once set the layer of 
distilled water was removed and the stacking gel was poured on top of the resolving gel.  The 
stacking gel allowed the proteins to concentrate before entering the resolving gel.  Once poured a 
comb was inserted and the stacking gel was left to set.   The stacking gel recipe (per gel) was as 
follows; 1 ml Protogel (national diagnostics, EC890), 250 µl of 10X stacking buffer (BDH, Poole, UK), 
1.925 ml of distilled water and added just before pouring 15 µl of APS and 15 µl of TEMED.  Once set 
the gel was transferred to the vertical electrophoresis tank (Biorad), the comb removed and the tank 
filled with electrophoresis running buffer (in M; 0.192 glycine, 0.025 Tris, 0.1% (v/v) SDS).   
2.10.2 SDS-PAGE gel electrophoresis 
 
Freshly dissected sciatic nerves (as described previously) were homogenised by hand in lysis buffer 
(in mM, 50 TRIS-HCl pH 7.5, 5 EDTA, 150 NaCl, 0.5 AEBSF and 1% TRITON X-100; the protease AEBSF 
being added just before use).  2X sample buffer (4% (v/v) sodium dodecyl sulfate (SDS), 20% (v/v) 
glycerol, 0.2% (v/v) Bromophenol blue, 0.2M DTT and 4 X stacking gel buffer (pH 6.8; BDH, Poole, 
UK) up to 10.9 ml) was diluted to 1X with the homogenised sciatic nerve solution before adding β- 
mecapthethenol (Sigma, Poole, UK; diluted 1:100).  The sample was then heated on a heat block at 
95oC for 5 minutes.  An even volume of sample was loaded into each well on the 12% SDS-PAGE. To 
calculate the molecular weight of run samples a prestained protein ladder was also loaded 
(Fermentas life Sciences) before running the gel at 80V until the bands passed through the resolving 







Once the gel had run the proteins were transferred onto a nitrocellulose membrane using the wet 
transfer method.  Briefly; a nitrocellulose membrane, transfer sponges and blotting paper were 
soaked in transfer buffer (25mM TRIS-HCL pH 8.3, 192mM glycine, 20 % (v/v) methanol).  Using a 
transfer cassette (Biorad) the gel and the nitrocellulose membrane were sandwiched between two 
sponges and two pieces of blotting paper (see Figure 2.3).  The transfer cassette was then inserted 
into the transfer tank (Biorad) containing transfer buffer and an ice pack.  The transfer apparatus 
was then ran overnight at 200mA at 4oC.   
Figure 2.3| The transfer apparatus 
The SDS PAGE gel (2) was place adjacent to the nitrocellulose membrane (3) and sandwiched 
between blotting paper and sponges soaked in transfer buffer (4) inside the transfer cassette (1).  
The cassette was closed and placed with the transfer tank (5) filled with transfer buffer, ice pack and 
magnetic stirrer (not shown).  Once in the tank the cassette was between a positive and negative 
electrode which were connected to a power pack via leads connected to the lid (also not shown).  
The entire apparatus was place on a stirrer and left to run overnight at 200mA and 4oC.  Figure 







The nitrocellulose membrane was incubated for 1 hour in blocking solution (PBS/0.05% (v/v)Tween-
20 (PBST) and 5% (w/v) powered milk) with gentle rocking.  The membrane was then cut with a 
scalpel blade and each membrane incubated with the appropriate primary antibody (see Table 2.2) 
diluted in blocking solution for 1 hour.  The membrane was then washed 3 times in PBST for 15 
minutes per wash.  The membranes were then incubated with the appropriate horse radish 
peroxidise (HRP) conjugated secondary antibodies diluted in blocking solution for a further 45 
minutes with gentle rocking.  The membranes were washed as before and developed using a HRP-
catalysed chemiluminescence reaction (ECL, Amersham Biosciences) as per the manufactures 




















2.11.1 The single compartment K2P model 
 
The single compartment model was executed using Microsoft Excel (Microsoft Corporation, (Brown, 
1999).   The total membrane current was described by: 
𝐼𝑇𝑂𝑇𝐴𝐿 = 𝐼𝑁𝑎 + 𝐼𝐺𝐻𝐾 + 𝐼𝐿𝐸𝐴𝐾 + 𝐼𝐼𝑁𝐽𝐸𝐶𝑇  
 
The sodium channel was based upon a standard set of Hodgkin-Huxley equations (Brown, 1999; 
Hille, 1977; Hodgkin & Huxley, 1952) as follows: 
 
The total sodium current is described by: 
 
𝐼𝑁𝑎 = ?̅?𝑁𝑎(𝐸 − 𝐸𝑁𝑎) 
 
Where E and 𝐸𝑁𝑎 and are the membrane potential and the reversal potential respectively whereas 
the conductance ( ?̅?𝑁𝑎) is described as follows; 
 
𝑔𝑁𝑎 = ?̅?𝑁𝑎𝑚3ℎ 
 
With the activation gate (m); 
 
𝑚 = 𝛼𝑚
𝛼𝑚 + 𝛽𝑚 
 
𝛼𝑚 = 0.1(𝑉 + 40)1 −  𝑒(−𝑉+40)10  
 
𝛽𝑚 = 0.108  𝑒−𝑉18    
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And the inactivation gate (h); 
 
ℎ = 𝛼ℎ
𝛼ℎ + 𝛽ℎ 
 
𝛼ℎ = 0.0027  𝑒−𝑉20    
 
𝛽ℎ = 11 +  𝑒(−𝑉+35)10  
 
Where m represents the probability that a sodium channel will be in the open state whereas, h 
represents the probability that a sodium channel is not inactivated (Hille, 2001).  αm,βm and αh,βh 
represent thecorresponding voltage dependent rate constants for the channel entering and leaving 
the permissive conducting state.    
 
In this simulation the parameters do not reach steady state and Euler Integration is used to calculate 
the subsequent values of m and h 
𝑚 = 𝛼𝑚 + (𝛼𝑚(1 −𝑚𝑜) − 𝛽𝑚𝑚𝑜)𝑑𝑡 
 
The K2P mediated GHK leak was based upon the following equations (Brickley et al, 2007; Ferreira & 
Marshall, 1985): 
The non-linear current voltage relationship of a two-pore domain potassium channel leak 
conductance can be described by the Goldman-Hodgkin-Katz (GHK) current equation 
 







�1 − 𝑒�−𝑉𝑚𝐹𝑅𝑇 �� � 
 
Where: P, permeability (cm/s); F, Faraday’s constant (C/mol); T, Temperature (K); R, Ideal gas 
constant (J/mol.K); Cin/Cout, concentration of ions inside and outside of the cell.   
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The GHK equation shows that the potassium current is dependent upon the permeability of the 
potassium ions multiplied by a non-linear function of voltage.  However, it is necessary for the 
simulation to describe this relationship in terms of conductance rather than permeability; 
 
At 𝑣 → ∞ the slope conductance (?̅?𝐾2𝑃) is described as; 
 
?̅?𝐾2𝑃 = 𝑃𝐹2[𝐾𝑖𝑛]𝑅𝑇  
 
And substituting into the GHK equation gives; 
 
𝐼𝐾2𝑃 =  𝑉𝑚 ?̅?𝐾2𝑃[𝐾𝑖𝑛]��([𝐾𝑖𝑛] − [𝐾𝑜𝑢𝑡])𝑒�
−𝑉𝑚𝐹
𝑅𝑇 ��
�1 − 𝑒�−𝑉𝑚𝐹𝑅𝑇 �� � 
 
Where [Kin] and [Kout] are the concentration of potassium ions inside and outside of the cell 
respectively. 
Finally the non-specific linear leak is described by; 
𝐼𝑙𝑒𝑎𝑘 = ?̅?𝑙𝑒𝑎𝑘(𝐸 − 𝐸𝑙𝑒𝑎𝑘) 
 
Table 2.3| The parameters used in the single compartment model 
 
 GHK leak 
Potassium [Cin] (M) 0.145 
Potassium [Cout] (M) 0.003 
Ideal gas constant (J/mol.K) 8.314 
Temperature (K) 310 
Faraday’s constant (C/mol) 96400 
 
 Sodium Channel linear Leak 
Conductance (nS) 120 0.3 
Reversal Potential (mV) 55 0 
 
Additional modifications are described in Chapter 3.2. 
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2.11.2 The GABAA receptor kinetic schemes 
 
Kinetic modelling of GABAA receptors was performed using ChanneLab version 2 (Synaptosoft Inc).  
Rate constants were transferred to channeLab and steady state whole cell response simulated with 
the number of channels set as 100 and a holding potential of -100mV.  Conductances were 
calculated from the sum of the two open states (O1 and O2), each with a single-channel 
conductance of 30 pS. 
The kinetic scheme and rate constants used to interpret the response of Propofol in the presence of 
steady state ambient GABA was based upon Jones et al (1998).  Additional modifications are 
described in the Chapter 3.7.  The rate constants used are shown in Figure 2.4.  The effect of 
ambient GABA on the THIP activated conductance was investigated using the kinetic parameters 
described for α4β2δ receptors by Mortensen et al (2010).  These parameters are summarised in 
Figure 2.5 with additional modifications described in Chapter 3.7. 
 
 
Figure 2.4| Kinetic scheme used to investigate the effects of steady state ambient GABA on the 
actions of Propofol 
Table and figure reproduced and modified from Jones et al. (1995 and 1998).  The kinetic scheme 
shows two agonist binding steps with the possibility of entering either an open or a desensitised 
state where; D1 and D2 represent the fast and slow desensitised states respectively, B1 and B2 
represent the monoliganded and biliganded states respectively and O1 and O2 represent the 
corresponding open states.  The rate constants are shown in the corresponding table.  The model 
was modified further to add 4 additional anaesthetic binding sites with anaesthetics binding with 







Figure 2.5| Binding and conformation constants for GABA, and THIP for extrasynaptic α4β3δ 
receptors. 
Table and figure reproduced and modified from Mortensen et al. (2010).  Mortensen and colleagues 
determined these constants from single channel rate constants determined from fitting the 
linear/branched model to the single channel data for α4β3δ receptors.  Shown is a GABAA receptor 
kinetic model where; K is the dissociation constants for monoliganded (K1) and bilganded (K2) 
receptor states.  E is the efficacies for the monoliganded (E1) and bilganded (E2) gating transitions 
and D is the desensitisation equilibrium constant.  The individual rate constants and associated 







2.12 Data analysis 
 
Unless otherwise stated IV curves were generated for K2P channel by applying a voltage ramp from -
20 mV to -150 mV to reduce interference from the endogenous Kv channels.  IV curves from GABAA 
receptors were ramped from 60mV to -150mV.  The RMP was measured within the first minute of 
reaching the whole cell configuration.  Gk was calculated using the relationship Gk = Ih/(Vh-Ek) where 
Ek is the potassium equilibrium potential and Ih is the steady state current at a holding potential (Vh) 
at -60 mV.  The relationship between RMP and Gk was described by a single exponential function of 
the form y = A*exp(-x/τ) + yasymptote.  To investigate the voltage dependence of activation cells were 
elicited to a series of voltage steps from -110 mV to +100 mV in 5 mV increments in the presence of 
10 mM TEA in the extracellular solution.  Currents were fitted with a double exponential function of 
the form Ik(t) = A1.exp(-t/ τ1) + A2.exp(-t/ τ2) and the weighted τ value calculated (weighted τ =  
((A1/(A1+A2) x τ 1) + ((A2/(A1+A2) x τ2).  The fraction of steady state current was calculated as follows; 
A1+A2/ss.  Input frequency plots were fitted with a Boltzmann function of the form y = 
fAPmax/(1+exp (V50-x)/k) where fAPmax is equal to the maximum action potential frequency and k 
is the slope of this relationship.  GABA concentration response curves were fitted with a Hill 
equation of the form y = min + (max-min)/1 + 10(logEC50 –x)n, where n = hill slope.   A 400ms or 10s 
segment of steady state current was plotted as all points histogram and fitted to a single Gaussian 
function of the form y(x) = (a/√(2πσ2))*exp(-(x-µ)2/(2*σ2)) where a is the percents of the total area 
under the curve, µ is the mean current and σ is the standard deviation about the mean.  Capacitance 
values were either taken from the amplifier or calculated off line from the current changes in 
response to a 10mV hyperpolarising voltage step as follows; (Area under curve (pA.ms)/Peak current 
(pA))/series resistance.  The peak and the area under the capacitance transient were calculated 
using WinWCP after subtracting the baseline current (Version 3.3.3, © John Dempster; University of 
Strathclyde, UK).  The series resistance was calculated as V (mV)/Peak current (pA).  
During the conductance injection experiments the cells were exposed to either a 1 ms current 
injection (just sufficient for the cell to reach threshold and activate the virtual sodium conductance) 
or a prolonged 500 ms current injection to invoke multiple AP firing.  All conductance injection 
experiments were performed in the presence of 10 mM TEA.  The APs generated were analysed 
using phase plane plots (Bean, 2007) where the derivative of the voltage was plotted against 
voltage.  The values for the max rate of rise, decay and the peak could then be easily read from the 
graph.   
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Data acquisition and analysis was performed using WinWCP (version 3.3.3) or WinEDR (version 
3.0.9) kindly provided by John Dempster (© John Dempster; University of Strathclyde, UK).  Graphs 
were plotted using Origin 5.0, Origin 6.0 (Microcal,Century City, CA) or GraphPad prism 4 (Graphpad 
software, La Jolla, CA).  Statistics were performed using GraphPad prism 4 at a 95% confidence level.  







The  two‐pore domain potassium  (K2P)  channel  family  share properties with  the background  leak 
conductance  being  relatively  voltage  independent  and  resistant  to  the  majority  of  potassium 
channel  blockers  (Goldstein  et  al,  2001;  Kim,  2005;  Patel & Honoré,  2001).    This  relative  lack  of 
voltage  dependence  results  in  K2P  channels  being  open  at  rest  and  the  persistent  efflux  of 
potassium  ions  causes  hyperpolarisation  of  the  cell membrane.    Consequently,  K2P  channels  are 




slice preparations.   However, despite  the membrane being closer  to  threshold APs  recorded  from 




In  this  section  two  of  the  most  widely  studied  K2P  channels  TASK3  and  TREK1  (TWIK‐Related 
Potassium channel‐1) were transiently expressed  in a HEK293 cell  line and their channel properties 
characterised  using whole  cell  patch  clamp  electrophysiology.    Increased  K2P  channel  expression 
resulted  in a corresponding  increase  in the cells  input conductance as well as hyperpolarisation of 
the membrane.   A  larger  input conductance  is anticipated to  increase both the current required to 
reach AP threshold as well as shorten the time  it takes to repolarise the membrane after an action 
potential.   These observations  in combination with data  from previous knockout studies described 
above  led  us  to  the  hypothesis  that  a  K2P  leak  on  its  own may  be  sufficient  to  repolarise  the 











cell  lines.   These are  the delayed,  slowly  inactivating  IK channel population and  the  transient,  fast 
inactivating  IA  currents  (Jiang  et  al,  2002;  Thomas  &  Smart,  2005).    To  investigate  the  possible 
presence of  these  two  channel populations  in our HEK293T  cell  line  the  cells were  exposed  to  a 
hyperpolarising  ‐110mV  prepulse  to  remove  any  IA  currents  from  inactivation  before  stepping  to 
different test potentials (Jiang et al, 2002).  Figure 3.1.1a and Figure 3.1.1b show the endogenous Kv 
currents  elicited  in  response  to  a  series  of  500ms  voltage  steps  from  ‐100  to  40mV  after  a 
hyperpolarising  prepulse  at  ‐110mV.    Note  the  delayed  outwardly  rectifying  conductance  in  a 
physiological  ion  gradient.    A  large  increase  in  the  membrane  conductance  was  observed  at 
potentials more depolarised  than  ‐20mV with a  steady‐state outward  conductance of 0.2 ± 0.026 
nS/pF (n = 5) at +40mV.  These currents were slowly inactivating indicating an IK channel population.  
No  transient,  fast  IA  currents were apparent  in any  cells examined.   The endogenous Kv  channels 
were  suppressed  by  the  potassium  channel  blocker  tetra‐ethyl‐ammonium  chloride  (TEA)  from 
concentrations  as  low  as  10µM.    TEA  blocked  the  endogenous  Kv with  an  IC50  of  0.7mM  (Figure 
3.1.1c)  with  10mM  successfully  blocking  the  voltage  dependent  potassium  component  (Figure 
3.1.1b). 
 
K2P  channels  are  generally  thought  to  be  TEA  insensitive  (Kim,  2005)  however  both  TASK3  and 




channels as  the K2P mediated conductance was  recorded during  ramp protocols  from  ‐20mV  to  ‐
150mV.   Despite this modest block all subsequent experiments were performed  in the presence of 












cells  using  the  calcium  phosphate  technique  (see  Chapter  2).    To  allow  ready  identification  of 
successful  transformants  cDNA encoding  the  individual K2P  channels were  co‐transfected with an 





In  a  physiological  ion  gradient  the  potassium  flux  through  K2P  channels  is  dependent  upon  its 
electrochemical  gradient.  This  non‐linear  outwardly  rectifying  current  voltage  relationship  is 
described by  the Goldman‐Hodgkin‐Katz current equation  (Goldman, 1943; Hodgkin & Katz, 1949) 
and results  in an  increased current  flow at depolarised potentials.   GFP‐negative cells presented a 
linear  current  voltage  relationship  in  response  to  a  voltage  ramp  from  ‐20  to  ‐150mV  in  a 
physiological  ion  gradient  (Figure  3.1.2a).    However,  GFP‐positive  cells  exhibited  a  non‐linear 
outwardly rectifying current voltage relationship reflecting K2P channel expression.   Figures 3.1.3a 
and 3.1.4a show the outwardly rectifying current voltage relationships of both TASK3 and TREK1 in a 















































the magnitude of  the non‐linear  leak conductance TASK3 expressing cells had on average a  larger 
RMP of ‐72 ± 1.06 mV (n = 120) when compared to TREK1 with a smaller average RMP of ‐67 ± 1.6 
mV (n = 88).   However the RMP recorded from both TASK3 and TREK1 were still significantly more 
hyperpolarised compared  to untransfected cells with a RMP of  ‐24.6 ± 1.47 mV  (P < 0.0001 Mann 
Whitney  test).    The  relationship  between  the  RMP  and  the  leak  conductance  is  shown  in  Figure 




Although both TASK3 and TREK1 currents  showed no desensitisation or  inactivation  (Figure 3.1.3c 





immediately with voltage.   The  time dependent  component was voltage  sensitive being apparent 
only  at  potentials  more  depolarised  than  ‐30mV.    The  time  dependent  component  was  well 




as  a  fraction  of  the  steady  state  current  (0.36  ±  0.03,  n  =  6  and  0.34  ±  0.03,  n  =  15,  at  60mV 
respectively, (Yuill et al, 2007).   Plotting the time constant of activation versus the voltage showed 
no voltage dependence  to  the delayed component  for TASK3.   The  time constant of activation  for 
TREK1 showed a modest  increase with voltage.   However, this relationship was weak and the error 
bars  large  so  it  can be  assumed  that  the  time  constants  for  TREK1  are  also  voltage  independent 
(Figures 3.1.3d and 3.1.4d).   This disagreed with Maingret et al, (2002) who demonstrated that the 
time dependent  activation of  TREK1 was  faster  at more depolarised potentials.    TREK1 has been 
shown to switch  from an openly rectifying  leak channel to a voltage dependent phenotype due  to 
changes in its phosphorylation state (Bockenhauer et al, 2001).  Removing ATP and GTP nucleotides 
from  the  intracellular  recording  solution  would  be  expected  to  reduce  phosphorlyation  of  the 
channels  and  encourage  a  voltage  independent  phenotype  thus,  the  current  should  change 
instantaneously with  voltage.   However, under  these  conditions no differences  in  the magnitude, 
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In  this  section  two members  of  the  K2P  channel  family,  TASK3  and  TREK1 were  recombinantly 
expressed  in  a HEK293T  cell  line  and  their  basic  properties  characterised  using whole  cell  patch 
clamp  electrophysiology.    Successful  transfection  resulted  in  the  hyperpolarisation  of  the  cell 
membrane and an increase in the input conductance.  As predicted by the GHK equation both TASK3 
and TREK1 had a non‐linear outwardly  rectifying  current voltage  relationship.   However,  the GHK 
equation  also  predicts  that  current  flow  through  an  openly  rectifying  leak  channel  changes 
instantaneously with voltage.  It was shown that both TASK3 and TREK1 are not true open rectifiers 
with both channels displaying a  time dependence  to activation which was only  seen at potentials 
greater than ‐30mV.  The time constant of activation did not change with voltage but was faster for 
TASK3  than  for TREK1.    In  the next section  this data will be used  to generate a model  to  test  the 























Section 3.2. A K2P mediated non-linear leak conductance can repolarise the 
membrane after an action potential. 
 
K2P channels are generally considered to limit neuronal excitability by moving the membrane 
potential away from threshold as well as attenuating excitatory synaptic inputs.  However, K2P 
channels are not simple ohmic leakage channels.  As shown previously, in a physiological ion 
gradient K2P channels display Goldman-Hodgkin-Katz (GHK) rectification with an increased 
potassium conductance at more depolarised potentials (Goldman, 1943; Goldstein et al, 2001; 
Hodgkin & Katz, 1949).  This often unappreciated biophysical property will speed up action potential 
rise and decay by reducing the membrane time constant.  Indeed in cerebellar granule cells where 
the K2P channel TASK3 has been genetically ablated the action potentials are significantly broader 
and smaller when compared to wild type (Brickley et al, 2007).  The same effect is also seen in orexin 
neurons from TASK1/TASK3 double knockout mice (González et al, 2009).     
 
Observations from the knockout studies as well as a consideration of the basic biophysical properties 
of K2P channels lead us to the hypothesis that K2P channels do not simply hyperpolarise the RMP 
but could also repolarise the membrane after an action potential in the absence of voltage-gated 
potassium channels (Kv).  In the following section this hypothesis will be tested theoretically using 
the data from Section 3.1 and a simple single compartment model to show that a K2P mediated leak 
conductance is sufficient to repolarise the membrane in the absence of voltage-gated potassium 
channels.   
 
3.2.1 A sodium conductance and a K2P mediated leak are sufficient to generate action potentials 
in a one compartment model 
 
A simple one compartment model (Brown, 1999) was used to test the hypothesis that K2P channels 
can repolarise the membrane in the absence of voltage dependent potassium channels (Kv). 
 
The total membrane current was described by: 
 




With INa based upon a standard set of Hodgkin-Huxley equations (Brown, 1999; Hille, 1977; Hodgkin 
& Huxley, 1952) and the non-linear K2P mediated leak conductance simulated using a modified form 
of the GHK equation (Brickley et al, 2007).  ILEAK is a simple linear function of voltage representing the 
non-specific membrane leak.  The properties of the K2P mediated GHK leak, the voltage gated 
sodium channel and the non-specific linear leak are shown in Figure 3.2.1 and described in Chapter 
2.   
 
Figure 3.2.2a (insert) and 3.2.2d show how a sodium conductance combined with a K2P non-linear 
leak conductance can support action potentials in the absence of Kv channels.  APs were generated 
from both brief (1ms) and long (57 ms) current injections highlighting the potential for K2P channels 
to support high frequency firing.  In comparison the non-specific linear membrane leak alone was 
not sufficient to support action potentials even at maximal conductances equal to the GHK leak.     
 
There are a limited range of leak conductances which are capable of supporting action potentials.  If 
the GHK leak is too small then it is unable to repolarise the membrane after an AP.  If the leak is too 
large then APs are attenuated due to the shunting of excitatory currents.  However, there exists a 
sweet spot which, in this model is between the maximal K2P leak conductances (ḡIGHK) of 6.5 and 
10nS, where increasing the GHK leak speeds up AP rise due to a reduction in the membrane time 
constant.  The relationship between the magnitude of the potassium leak (Gk) and the rate of AP rise 
in shown in Figure 3.2.2c and is more apparent in the corresponding phase plane plots where the 
derivative of the voltage is plotted against the voltage.  Although the temporal information is lost 
this method allows for a fit independent estimate of AP rise, decay, peak and threshold (Figure 
3.2.2b, (Bean, 2007).  It is clear from the phase plane plots that although increasing the GHK leak 
also increases the rate of AP decay, the effect is small relative to the rate of AP rise.   
 
This simulation data clearly show that a non-linear K2P leak is theoretically sufficient to repolarise 
the membrane after an action potential in the absence of Kv channels.  However, there is an 
optimum range of ḡIGHK values where increases in the leak conductance result in faster APs.  Once 
this sweet spot has been exceeded further increases in the magnitude of the leak begin to attenuate 







Figure 3.2.1| Properties of the model conductances 
A, The properties of the voltage gated sodium conductance (INa) are illustrated using a voltage clamp 
simulation with voltage steps from -80 to 40 mV in 20mV intervals.  The non-linear K2P leak was 
simulated using the GHK equation (IGHK). B, demonstrates the non-linear current voltage relationship 
simulated using the GHK equation in a physiological ion gradient.  The non-specific linear membrane 






Figure 3.2.2| In a simulation study a non-linear K2P leak can support action potentials in the 
absence of voltage-gated potassium channels 
A one compartment model was used to test the hypothesis that a non-linear K2P leak and a sodium 
conductance are the minimum requirements to support action potentials.  A, Shows the current 
voltage relationship of the non-linear IGHK leak at a maximal conductance (ḡIGHK) of 7.5, 10 and 70nS.  
Single action potentials simulated with a ḡIGHK of 7.5, 10 and 70nS after a brief 1ms current injection 
are shown in the insert.  B, displays the phase plane plots produced from APs simulated using a long 
57ms current injection protocol and a ḡIGHK of 7.5, 10 and 70nS.  The maximum rate of rise has been 
highlighted with a dashed line in each case.  Note the faster rate of AP rise for a ḡIGHK of 10nS 
compared to 7.5nS.  C, highlights the relationship between the maximal GHK leak conductance and 
the action potential rate of rise from APs simulated by a brief 1ms current injection protocol.  At 
ḡIGHK greater than and equal to 70nS AP generation is attenuated. D, A train of action potentials 





3.2.2 Does the time dependence to channel activation affect the ability of K2P channels to support 
APs? 
 
In Section 3.2.1 an ideal K2P leak conductance was modelled using the GHK equation.  The GHK leak 
is both voltage and time independent (or in other words has no activation or deactivation kinetics) 
with the current changing instantaneously with voltage.  However, as shown in Section 3.1 the K2P 
channels TASK3 and TREK1 do not behave as true open rectifiers as predicted by the GHK equation.  
Instead both channels have a time dependent component to activation which is seen only at 
potentials greater than -30mV.  To determine what effect if any, the time dependence to activation 
has on APs the equation IK2P = IGHK was modified to incorporate these additional characteristics.   
 
3.2.2.1 Mathematical interpretation of experimental observations 
 
The appearance of a time dependent component to activation likely reflects an increased open 
probability at depolarised potentials.  The time constant of activation for both TASK3 and TREK1 did 
not change with voltage.  Therefore the time constants recorded at each potential ≥ -30mV were 
used to generate an average time constant of activation with τTASK3 = 3.3 ± 0.16 ms, n = 132 and τTREK1 
= 15.44 ± 0.34 ms, n = 396.  The magnitude of the time dependent component was also voltage 
independent being equal to approximately 40% of the total steady state current for both TASK3 and 
TREK1 (39% ± 0.007, n = 131 and 36% ± 0.009, n = 397 respectively).   
 
From the above observations it was assumed that the resting open channel probability, Popen = 0.6.  
At potentials ≥ -30mV the open probability increased with time according to a voltage independent 
time constant until Popen = 1 as described by Equation 3.2.1. 
 
  







To incorporate channel opening into the model the dimensionless variable P  was used to describe 
the probability of channel opening thus, 
 
𝐼𝐾2𝑃 = 𝐼𝐺𝐻𝐾𝑃 
          Equation 3.2.2 
With P changing with time according to Equation 3.2.1, Po = 0.4 and τK2P reflecting the appropriate 
time constant for TREK1 or TASK3.  As the time dependent opening is seen only at potentials ≥ -
30mV then, 
𝑃(𝑉) = � 0.6, 𝑉 < −30  1 − 0.4𝑒−𝑡 𝜏𝐾2𝑃⁄ , 𝑉 ≥ −30   
          Equation 3.2.3 
 
As before the total membrane current was described by: 
 
𝐼𝑇𝑂𝑇𝐴𝐿 = 𝐼𝑁𝑎 + 𝐼𝐺𝐻𝐾𝑃 + 𝐼𝐿𝐸𝐴𝐾 + 𝐼𝐼𝑁𝐽𝐸𝐶𝑇 
 
 
The modelled TASK3 and TREK1 like conductances were compared to a normalised GHK leak where P 
does not vary with time thus, P = constant = 0.6. 
 
3.2.3 The updated mathematical model describes K2P channel behaviour 
  
Figure 3.2.3 shows the current elicited by the modelled TREK1 and TASK3 conductances in response 
to a series of voltages steps from -100 to 100mV.  At hyperpolarised potentials the current changed 
instantaneously with voltage.  However, at values greater than -30mV the additional time dependent 
component was activated.  In agreement with the experimental data the modelled TASK3 
conductance reached steady-state faster than TREK1 as predicted by the smaller value of τTASK3.  
Reasonable agreement was found between the modelled current traces and those recorded 




In a symmetrical ion gradient the GHK equation predicts that the current voltage relationship will be 
linear.  Figure 3.2.4c shows that the addition of a time dependent component generates a slight 
outward rectification during a voltage ramp from -30 to 80mV.  This is in agreement with Maingret 
et al (2002) who demonstrated that TREK1 is outwardly rectifying in a symmetrical potassium 
gradient in the absence of divalent cations.   
3.2.4 The time dependent component has only a modest effect on action potential shape 
 
Comparing action potentials mediated by both TASK3 and TREK1 to a normalised GHK leak without 
time dependence (IGHKP, where P does not change with time thus, P = constant = 0.6) showed only a 
modest difference in AP shape.  The time dependent component was only present at potentials 
greater than or equal to -30mV.  Therefore, APs generated with either an IGHKP, TASK3 or TREK1 
conductance required the same current to reach threshold.  However, a larger Gk was required to 
repolarise the membrane after an AP compared to the IGHK model (Figures 3.2.2c and 3.2.4d). 
 
The additional increase in the input conductance due to the time dependent component slowed the 
rate of rise and reduced the peak amplitude of action potentials generated with either a TASK3 or 
TREK1 conductance (Figure 3.2.4a).  However, the increase in the input conductance also sped up 
the rate of AP decay.  This resulted in slightly briefer action potentials with half-widths of 2.4, 2.6 
and 2.8ms for APs generated with a maximal TASK3, TREK1 and IGHKP leak of 20nS respectively.  The 
modelled TASK3 leak conductance had a greater influence on AP shape than TREK1.  As τTASK3 is 
smaller than τTREK1, more TASK3 channels will have an opportunity to open during a brief 6ms action 
potential than TREK1 with the resultant increased input conductance leading to a faster rate of 







Figure 3.2.3| Incorporation of the time dependence to activation into the model  
The time dependence to activation for both TASK3 and TREK1 was incorporated into the model (see 
text).  A, the modified IGHK leak (IGHKP) where the time constant of activation is equal to 15.44ms 
more closely imitates TREK1 channel behaviour.  On the right are the current traces elicited after a 
series of voltage steps from -100mV to 100mV in 40mV steps for a maximal conductance of 20nS.  
Note how the time dependence only emerges at potentials greater than or equal to -30mV.   The left 
hand side shows how a normalised simulated TREK1 conductance agrees with the experimental 
data.  Current traces were evoked from a 100mV step.  B, the current voltage relationships 
generated by the simulated TREK1 conductance in both a physiological and symmetrical ion 
gradient.  C, The left hand side demonstrates how a normalised IGHKP leak conductance with an 
activation time constant equal to 3.3ms matches the TASK3 experimental data.  Current traces were 
generated from a voltage step to 100mV.  On the right are the current traces elicited after a series of 






Figure 3.2.4|The additional time dependence to activation has only a minimal effect on action 
potential shape. 
A, compares the phase plane plots produced from simulated action potentials generated with either 
TASK3, TREK1 or a normalised IGHK leak (IGHKP) conductance (red, grey and black trace respectively, 
see text).  ḡIGHK =12nS and Iinject = 13pA.  The addition of a time dependent component results in a 
briefer action potential.  B, highlights the modest reduction in action potential half-width between 
the simulated action potentials generated with either TASK3, TREK1 or IGHKP.  C, the current voltage 
relationship generated by the modelled TREK1 conductance has a slight outward rectification in a 
symmetrical ion gradient.  A faster time dependent component slows the rate of action potential 
rise.  D, compares the relationship between maximum K2P leak conductance and rate of rise 







A non-linear K2P leak modelled by the GHK equation was indeed capable of supporting APs in the 
absence of Kv channels.  However as shown in Section 3.1 the K2P channels TASK3 and TREK1 are not 
pure open rectifiers as described by the GHK equation.  Instead they have an additional time 
dependent component to activation.  Adjusting the model to incorporate these additional features 
had only a modest effect on AP shape with a slower rate of rise, smaller peak amplitude and a faster 
rate of decay leading to a slightly briefer AP.  In the next section the ability of K2P channels to 
support APs in the absence of Kv channels will be tested experimentally using a recombinant 





























repolarise  the  membrane  in  the  absence  of  Kv  channels.    This  hypothesis  was  demonstrated 
theoretically  in Section 3.2.   Using a one compartment model  it was shown that a Hodgkin‐Huxley 
type  sodium  conductance  and  a  K2P‐like  non‐linear  leak  conductance  are  the  minimum 
requirements  for  action potential  generation.    This hypothesis will now be  tested  experimentally 







sodium  conductance  (see  Chapter  2)  will  be  introduced  into  the  HEK293T  cells  transiently 
transfected with either TASK3 or TREK1.    In  the presence of 10mM TEA  this will provide a system 
with a sodium conductance and a K2P  leak  in  isolation  from Kv channels.   The advantage of using 











presence  of  10mM  TEA  the  introduction  of  a  sodium  conductance  via  the  conductance  injection 
technique was not sufficient to support APs in untransfected cells.  However, introducing the sodium 
conductance  in  the  presence  of  a  K2P  leak  generated  by  either  TASK3  or  TREK1  expression was 
82 
 
sufficient  to  generate  action  potentials with  a  fast  rise  and  decay  but  no  after‐hyperpolarisation 
(Figure 3.3.2).  Although a K2P leak conductance (Gk) was sufficient to repolarise the membrane in all 
TREK1  or  TASK3  expressing  cells  examined  (n  =  20)  there  was  clear  cell  to  cell  variability  with 
differences  in AP width  and  peak.    Figure  3.3.2  shows  three APs  generated  from  three  different 
HEK293T cells each expressing TREK1.   Moving  from  the  first AP  (Figure 3.3.2a)  to  the  last  (Figure 
3.2.2c) it is clear that the APs are getting briefer.  These differences in AP shape can be explained by 
the  differences  in  the  magnitude  of  the  Gk.    In  Figure  3.3.2  the  potassium  input  conductance 
increases  from 0.1nS/pF  in  the  top panel  (Figure 3.3.2a)  to 0.7nS/pF  in  the bottom panel  (Figure 
3.3.2c).  A larger Gk results in a more hyperpolarised RMP and subsequently more current is required 
to  reach  AP  threshold.   However,  once  threshold  is  reached  the  corresponding  reduction  in  the 











































then  investigated  their  potential  to  support  high  frequency  action  potential  firing.    In  cerebellar 
granule  cells  from  TASK3  knockout mice  trains  of  APs  recorded  after  a  prolonged  depolarising 
current pulse accommodated rapidly.  This phenotype could be rescued by the addition of a K2P like 
GHK  leak (Brickley et al, 2007).   Figure 3.3.3a and Figure 3.3.4a shows that a K2P  leak conductance 
was sufficient to support high  frequency AP  firing  for the duration of a depolarising current pulse.  
However, as anticipated  from  the knockout data only  those cells with a  sufficiently  large Gk were 
able  to  repolarise  the  membrane  during  sustained  depolarisation.    Figure  3.3.3  compares  the 
response  from  two different  cells  to  a prolonged depolarising  current pulse.   As  shown  in  Figure 
3.3.2 both cells had a sufficiently large Gk to support individual APs (Figures 3.3.2a and b.).  However, 
the  cell with  a  Gk  of  just  0.1nS/pF was  insufficient  to  repolarise  the membrane  and  relieve  the 
voltage gated sodium conductance from  inactivation.   Instead the sodium channels remained  in an 
inactivated state and the membrane potential was maintained at around ‐20mV (Figure 3.3.3b).  This 
demonstrates that, as seen  in  the knockout study, even a modest change  in the magnitude of the 
K2P leak conductance can result in a drastic change in a cells firing behaviour.   
 
TASK3  expressing  cell  had  on  average  a  greater  Gk  compared  to  those  expressing  TREK1.  
Subsequently on average a  larger current  injection was  required  to  reach AP  threshold  for TASK3 
expressing  cells  compared  to  TREK1  (45.6  ±  12.4  pA/pF  and  7.5  ±  2.5  pA/pF  respectively).    This 
relationship  between  Gk  and  current  injection  correlated  well  (Figure  3.3.4c)  however,  once 
threshold  was  reached  no  correlation  was  observed  between  the  gain  of  the  input‐output 
relationship  or  the maximum  rate of  firing  frequency  and  the magnitude of  the potassium  input 
conductance.      No  obvious  correlation  was  found  between  the  Gk  and  either  the  peak  action 
potential  amplitude  or  the  rate  of AP  decay  (Figures  3.3.5c  and  d).    There was  however  a  clear 


























































Both  TASK3  and  TREK1  currents  are  enhanced  by  the  volatile  anaesthetic  halothane  (Patel  et  al, 
1999).    To  investigate  the  effect  of  increasing  a  K2P mediated  current  on  AP  shape  and  firing 
frequency,  TASK3  expressing  HEK293T  cells  were  exposed  to  a  clinically  relevant  dose  of  2% 
halothane  (Franks &  Lieb,  1993),  EC50  for  anaesthesia,  see  Chapter  2).    Figure  3.3.6a  shows  the 
halothane induced increase in the TASK3 mediated current with an average 23% enhancement from 
0.60  ±  0.27  nS/pF  to  0.74  ±  0.12  nS/pF  (n  =  5).    In  a  separate  set  of  experiments  the  effect  of 
halothane on AP properties were investigated.  The addition of 2% halothane resulted in an increase 




respectively, n = 6, P > 0.05 Wilcoxon matched paired  test).   As  shown previously although RMP 
increases with Gk this relationship reaches asymptote around 0.5nS/pF.  Consequently any additional 
increase  in the Gk  is unlikely to alter the RMP further.   Although there was a rightward shift  in the 
input/output curves in the presence of halothane there was not a significant change in the slope or 
gain of the relationship (4.5 ± 1.8 and 6.2 ± 1.2 respectively).  Despite the modest increase in input 
conductance having a consistent and obvious effect upon  the current  required  to  reach  threshold 













A,  2  %  Halothane  enhances  the  whole  cell  TASK3  current.    Current  voltage  relationship  in  the 
presence (red) and absence (black) of halothane.  Cells were exposed to a voltage ramp from ‐20 to ‐
150 mV.    The  effect of halothane  application of  the baseline  current  is  shown  in  the  insert.  The 
holding voltage was  ‐20mV.   B, action potential  frequency curves  for an  individual cell before and 
after  2%  Halothane  application.    Note  the  rightward  shift  in  the  current  required  to  reach  AP 
threshold  in  the presence of halothane. C, The  current  required  to  reach  threshold before  (black 
circles)  and  after  (red  triangles)  halothane  application  for  all  cells  examined  (n  =  6).    The mean 
current injection before and after halothane is shown in grey.  Halothane application did not have a 









Using a conductance  injection  technique and a  recombinant expression system  it has been shown 
that  a  sodium  conductance  and  a  K2P  non‐linear  leak  are  the minimum  requirements  for  action 
potential propagation.  Increases in the magnitude of the K2P leak resulted in the hyperpolarisation 
of the cell membrane and an increase in the current required to reach AP threshold.  However, once 
threshold was  reached  the APs had  a  faster  rate of AP  rise  and decay due  to  a  reduction  in  the 
membrane time constant.  Both TASK3 and TREK1 were capable of supporting APs during brief and 
long  depolarising  current  pulses.   However,  a minimum Gk  value was  required  to  support  action 
potentials during prolonged excitation.   The addition of a K2P agonist had a modest increase in the 
magnitude of the Gk with no significant effect on RMP or the rate of AP rise and decay.   However, 
there was  a  consistent  increase  in  the  current  required  to  reach  AP  threshold.    Therefore,  the 
halothane  induced  increase  in  the Gk will has a greater  influence at membrane  threshold  than at 
rest.    This  rightward  shift  in  the  input‐output  relationship  in  the  presence  of  halothane was  not 
accompanied with a change  in  the  sensitivity or gain.    In conclusion,  the alteration  in  the current 
required  to  reach  AP  threshold  as  well  as  potential  changes  in  AP  shape  due  to  K2P  channel 
modulation will have  important  implications  for  information processing  in neurons.   However,  the 
specific effect that a change in a K2P leak will have on neuronal firing will be dependent upon their 









variation could have  important  implications  for  information processing  in  the axon and ultimately 
neurotransmitter release at the presynaptic terminal.   Modification of action potential shape by an 
axonal  potassium  conductance  has  been  demonstrated  previously  in  hippocampal  mossy  fibre 
boutons.  During repetitive firing APs recorded from the axon terminal became significantly broader 
due  to  the  inactivation  of  an  A‐type  potassium  conductance  whilst  somatic  APs were  relatively 
unaffected.   Broadening of  the AP prolonged  the  activation of presynaptic  voltage‐gated  calcium 
channels resulting in an increase in the amplitude of the excitatory postsynaptic currents (Geiger & 
Jonas, 2000).   At present  the  sub‐cellular  localisation  and  trafficking of K2P  channels  is unknown 
thus, their role in modulating axonal action potentials can only be speculated.   
 
In  the next  section  two axon preparations  from  the peripheral  (the  sciatic nerve) and  the  central 
(cerebellar  granule  neurons,  CGN)  nervous  systems  were  used  to  investigate  the  possible  sub‐
cellular  trafficking  of  K2P  channels  to  the  axonal  membrane  using  electrophysiology  and 








sciatic  nerve  comes  from  both  in‐situ  hybridisation  and  RT‐PCR  data  which  supports,  amongst 
others,  the expression of TRESK, TASK1, TREK1 and TASK3  channels  in mouse and  rat dorsal  root 
ganglion neurons (Dobler et al, 2007; Medhurst et al, 2001; Talley et al, 2001).   In addition  ligature 
experiments provide  some  evidence  for  the  trafficking of  TREK1  channels  along  the  sciatic nerve 






Briefly,  the dissected sciatic nerve  (see Chapter 2) was  incubated  for 2 hours at 37oC  in a shaking 
incubator with  553U/mg  of  type  II  collagenase  dissolved  in  calcium  free  ringers  solution.    After 
washing, the nerve was carefully pulled apart and shaken gently to liberate the individual axons.  The 
axons were  then plated directly onto poly‐D  lysine  coated  coverslips  and  examples  are  shown  in 
Figure 3.4.1a.  The axons adhered to the coated coverslips however the overall yield was low with a 





and  identify  K2P  like  conductances.    Putative  nodes  of  Ranvier  were  identified  by  gaps  in  the 
membrane  (highlighted  in  Figure  3.4.1) however,  the possibility  that  these  gaps were  a  result of 
axonal degradation could not be ruled out.  To distinguish between the Schwann cell interior and the 
axon  the  fluorescent dye  Lucifer yellow was added  to  the  internal patch pipette  solution.   Figure 
3.4.1b shows an attempt  to  record  from a potential node of Ranvier.   Although  it was possible  to 




to  the  longitudinal axis of  the nerve during dissection  (Wilson & Chiu, 1990).   Figure 3.4.2  shows 
examples  of  axons  where  the myelin  has  retracted  revealing  the  axon.    The magnitude  of  the 
retraction  was  variable  and  in  some  cases  the myelin  was  stripped  completely  (Figure  3.4.2d).  
Constrictions were  often  apparent  in  the  exposed membrane  between  two  Schwann  cells which 
likely  reflect  the  original  nodal  segment  (Koh  et  al,  1994).    Although  the  uncovered  axonal 












The  sciatic  nerve  was  dissected  from  adult  C57Bl/6 mice  and  incubated  in  553U/mg  of  type  II 
collagenase  dissolved  in  calcium  free  ringers  solution.    Fibres were  gently  teased  apart with  fine 
gauge  needles,  shaken  to  liberated  the  individual  axons  before  plating  on  poly‐D  lysine  coated 
coverslips.    A,  The  sciatic  nerve  preparation.    Arrows  highlight  examples  of  putative  nodes  of 
Ranvier.    Note  that  some  fibres  show  signs  of  degradation  as  well  as  the  apparent  lack  of 





















Although  further  optimisation  is  still  required  to  record  from myelinated  sciatic  nerve  axons  the 




After  spreading  the majority of  the axons  remained  in  tight bundles although within each bundle 
individual  axons  could  still  be  distinguished.    The  immediate  fixation  of  the  sciatic  nerve  after 
dissection maintained the axonal architecture with little myelin retraction or putative nodes visible.  
 
To optimise  the  immunolabelling protocol a monoclonal antibody against neurofilament 200  (NF‐
200, Chemicon), a known marker of myelinated dorsal root ganglion axons, was used as a positive 
control (Ishikawa et al, 2005; Liang et al, 2010).  Although NF‐200 staining was visible (Figure 3.4.3) 
not all  fibres tested positive especially  those  in  larger bundles.   This suggests that the anti‐NF‐200 
antibody may struggle  to penetrate  the myelin and reach  the axonal membrane.   The background 
signal was also high which  is most  likely due to endogenous mouse  immunoglobulins.   To  improve 
the permeability of the membrane and increase antibody access the Triton X‐100 concentration was 
raised  from  0.1  to  0.2%  (see  Chapter  2).    Increasing  the  detergent  concentration  resulted  in  an 





















axons was also  investigated.   Cerebellar granule neurons usually contain four dendrites and a  long 
unmyelinated ascending axon which projects  into the molecular  layer of the cerebellum.   Here the 
axon bifurcates  to  form  the parallel  fibres  that  synapse onto purkinje  cell dendrites  (Wyatt et al, 
2005).   The presence of K2P channels  in cerebellar granule cell neurons (CGN)  is well documented 
with  the expression of TASK1, TASK3, TREK1, TREK2, TRAAK and TWIK1 demonstrated  from mRNA 
analysis.    In  addition  the  electrophysiological  properties  of  the  CGN  K2P  leak  has  been  well 
characterised  in  both  wild‐type  and  knockout  studies  (Aller  & Wisden,  2008;  Aller  et  al,  2005; 
Brickley  et  al,  2007;  Leonoudakis  et  al,  1998;  Talley  et  al,  2001).    However,  despite  the  known 
expression  of  these  channels  in  CGNs  the  exact  subcellular  distribution  of  K2P  channels  is  still 
unknown.   
 
To determine  the  trafficking of K2P channels  to  the axonal membrane  the cellular morphology of 
CGNs was  required.    This was  determined  by  filling  individual  neurons with  the  fluorescent  dye 
Lucifer yellow during whole cell recordings from acute cerebellar slices.  Immediately after recording 
slices were  fixed, mounted and visualised using confocal microscopy.   Confocal  images were  then 
reconstructed to generate a 3D image of the neuron allowing for the identification of putative axons.  
CGN axons can be identified using a number of criteria including; their size; projection towards and 
bifurcation within the molecular  layer and that they  lack the claw  like structures termed glomeruli 
that form where mossy fibres and Golgi cell axons synapse onto the granule cell dendrites (Rossi & 
Hamann, 1998).   Figure 3.4.4 shows two examples of filled CGN reconstructed from 0.5 µM optical 
sections  (Fiala,  2005).      As  anticipated  both  cerebellar  granule  neurons  projected  five  neurites.  
Dendrites  could  be  readily  identified  due  to  the  presence  of  claw  like  glomeruli  however,  the 
ascending axons were not  found  intact making  it difficult  to distinguish between axons and  those 
dendrites  lacking  obvious  glomeruli.    As  the  membrane  capacitance  is  approximately  equal  to 
1µF/cm2  measuring  the  neuronal  surface  area  during  reconstruction  allowed  for  the  neuronal 
capacitance  to  be  estimated  (see  Chapter  2).    The  capacitance  estimates  for  the  two  examples 
shown  in  Figure  3.4.5  were  5.8pF  and  2.8pF  which  was  greater  than  the  capacitance  values 
calculated from the capacitance transient (2.3pF and 1.9pF respectively, see Chapter 2).     Although 






solution of  the patch pipette which diffused  into  the neuron during whole cell  recordings.   Figure 
3.4.5  shows  the  corresponding  subthreshold  responses and action potentials  recorded during  this 
time which were  evoked  by  incrementing  0.2ms  current  pulses.    The  corresponding  phase  plane 
plots  for  threshold APs  are  also  shown.   Unlike  examples  shown  previously  (for  example,  Figure 





















































































an attempt  to  record K2P mediated  conductances directly  from  the axonal membrane.   Although 
putative nodes of Ranvier were visible they were difficult to access with a patch pipette due to the 
close  association  between  the  myelin  sheath  and  the  axonal  membrane.    An  alternative 
immunofluorescence approach was used  to visualise  the  localisation of  the channels  in  the sciatic 
nerve.  The sciatic nerve was fixed and an immunostaining protocol was optimised using antibodies 
against NF‐200, a positive control for myelinated DRG axons.  The cellular morphology of CGNs was 
visualised by  filling  individual neurons with  the  fluorescent dye Lucifer yellow.   Upon  fixation and 
visualisation  by  confocal  microscopy  the  neurons  were  reconstructed  which  allowed  for  the 
identification of putative axons and dendrites.  The trafficking of the K2P channels TASK1 and TASK3 
were chosen due to the availability of knockout mice which would provide a model negative control.  
However,  the  non‐specificity  and  or  non‐reactivity  of  commercially  available  TASK1  and  TASK3 
antibodies, as characterised by western blotting, prevented further progression at this time.  So far 








The majority  of  the  resting membrane  permeability  is mediated  by  two  pore  domain  potassium 
channels.  However, potassium ions are not the only contributor to the leak conductance.  Another 
important  constituent  of  the  leak  conductance  in  neurons  such  as  cerebellar  granule  cells  is  the 
persistent chloride conductance generated by extrasynaptic GABAA receptors.    
 
GABAA  receptors  are  ligand  gated  ion  channels  which  open  in  response  to  γ‐aminobutyric  acid 
(GABA).  Vesicular GABA release and subsequent receptor binding results in the rapid flux of chloride 
and bicarbonate  ions  through  the channel,  (Kaila et al, 1993)   hyperpolarisation of  the membrane 
and the generation of inhibitory post‐synaptic potentials (IPSPs).  This transient channel activation is 
referred  to  as  ‘phasic’  inhibition  and  is  designed  to  allow  accurate  and  rapid  transmission  of 
information  from  the  pre‐  to  the  post‐synaptic  cell  (Farrant &  Nusser,  2005).    However,  not  all 
GABAA  receptors  are  present  at  the  synapse.    There  is  also  a  population  of  extrasynaptic GABAA 
receptors which are predominantly of the form α6/4βδ or α5βγ (Brickley et al, 1996; Caraiscos et al, 
2004; Nusser et al, 1998).  These receptors have a high GABA potency allowing them to respond to 
the  low concentrations of GABA present  in the extracellular space.   Extrasynaptic GABAA receptors 





chloride  equilibrium  potential  is  close  to  rest  the  tonic  conductance,  like  K2P  channels,  will 
contribute  to  the  resting membrane  potential  (Hille,  2001).   Activation  of  the  tonic  conductance 
results in the persistent increase in the cells input conductance.  Consequently for a given excitatory 
post‐synaptic  current  (EPSC)  the  presence  of  a  tonic  conductance  will make  the  corresponding 
excitatory post‐synaptic potential (EPSP) smaller and briefer thus, reducing the probability that the 
cell will reach AP threshold (Brickley et al, 2001).  Therefore, as was seen previously for the two‐pore 
domain  potassium  channels,  increasing  the  magnitude  of  the  tonic  conductance  increases  the 
current required to reach AP threshold or  in other words shifts the  input‐output curve to the right 
(Brickley et al, 1996; Hamann et al, 2002).  Additional to K2P channels extrasynaptic GABAA receptors 
have  also been  shown  to effect  the  slope  (also  called  the  gain or  sensitivity) of  the  input‐output 
relationship  (Mitchell  &  Silver,  2003)  .    Therefore,  changes  in  the  magnitude  of  the  tonic 
conductance  will  have  important  consequences  for  regulating  neuronal  excitability.      These 
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peak  and  steady‐state  responses.    Using  appropriate  steady‐state  ambient  GABA  concentrations 






it  has  been  reported  that  achieving  functional  δ‐containing  GABAA  receptors  can  be  difficult  in 




However,  it  has been  shown  that  increasing  the  δ‐subunit  cDNA  ratio not only  changes  the  EC50 
values  in  response  to GABA but  can also  reduce  surface expression of  α and  β  subunits with  the 
optimum transfection ratio of α:β:δ cDNAs being 1:1:0.1 (Botzolakis et al, 2007; You & Dunn, 2007).   
 
To  monitor  effective  δ‐subunit  incorporation  and  trafficking  of  functional  receptors  to  the  cell 
surface  the extracellular N‐terminus of  the  δ‐subunit was conjugated  to  the  fluorescent  tag  super 
ecliptic  pHluorin  (SEP).    SEP  is  a modified,  pH  sensitive  form  of  green  fluorescent  protein which 










To  verify  that  δ‐SEP  is  indeed  trafficked  to  the  cell  surface  and  to  determine  which  cDNA 
transfection  ratio  provided  the  optimum  level  of  δ‐subunit  incorporation  into  functional  surface 
receptors HEK293T cells were washed  in high  to  low pH extracellular  solutions and  the change  in 
fluorescence recorded.   To eliminate experimenter bias the fluorescence of the entire field of view 
rather than individual cells was measured and the background (recorded from an area with no cells 
present) subtracted.   Figure 3.5.1 shows  the  reduction  in  fluorescence as  the HEPES buffered HEK 
extracellular  solution  is  exchanged  from  pH7.3  to  pH5.      Internal  acidification  was  minimal  as 
switching to pH5 did not eclipse the entire cellular fluorescence.   This response verified that the δ‐
subunit was  successfully  trafficked  to  the cell  surface.   Figure 3.5.2 compares  the pH  shift  for  the 
three  individual  cells  transfected with  α6βδSEP  cDNA  ratios of 1:1:0.1, 1:1:1  and 1:1:10.   Note  the 
increase  in fluorescence as the extracellular solution  is exchanged from pH7.3 to pH8 and then the 
reduction  in  fluorescence as the bath solution  is switched to pH5. The mean pH shift  from pH8 to 
pH5 was 25.4 ± 4.9% n = 10, 25.6 ± 7.9%, n = 7 and 36.6 ± 7.3% n = 8 replicates for 1:1:0.1, 1:1:1 and 
1:1:10 cDNA  ratios  respectively.   There was no  significant difference  in  the magnitude of pH  shift 
between the three groups (P > 0.05 Kruskal‐Wallis test) suggesting that the δ‐subunit is trafficked to 
a similar degree in all three conditions.  Figure 3.5.2 also shows the average pH shift for all cells in all 
conditions  normalised  to  the  fluorescence  at  pH7.3.    Although  there  was  some  quenching  of 
fluorescence  over  time  again  it  is  apparent  that  there  was  no  difference  in  surface  expression 
between the cDNA transfection ratios.  Comparing the overall maximum fluorescence at pH8 for all 
cDNA  ratios  suggests  that  increasing  the  proportion  of  δ‐subunit  cDNA  in  the  transfection  ratio 
increased cell surface expression  (P<0.05 Krustal‐Wallis  test).   However,  this  trend was eliminated 
when the maximum fluorescence was normalised to the number of fluorescent cells within the field 
of  view  (P>0.05 Krustal‐Wallis  test).   Therefore,  there was no  significant difference  in  the overall 









































α6β receptors  is their resistance to zinc block  (You & Dunn, 2007).   Figure 3.5.3 shows the steady‐
state  current  generated  during  a  1µM  GABA  application  for  α6βδSEP.    The  addition  of  1µM  zinc 
modestly effected the baseline current with the average zinc block being just ‐13.2 ± 17.2 pS/pF n = 
14.    However,  α6β  receptor  combinations  were  consistently  blocked  by  1µM  zinc  with  mean 
conductances changes of  ‐245.1 ± 56.2 pS/pF n = 3  (Figure 3.5.3b).   The α6βδSEP and α6β  receptor 
subtypes  can  be  further  differentiated  by  their  sensitivity  to  the  GABAA  receptor  agonist  THIP 
(4,5,6,7‐tetrahydroisoxazolo[5,3‐c]pyridine‐3‐ol  or  Gaboxadol)  which  is  αβδ  selective  at  low 
concentrations  (Stórustovu  &  Ebert,  2006).    Figure  3.5.3c  shows  the  robust  response  of  α6βδ 
receptors to a bath application of 500nM THIP (208 pS/pF ± 35.7 n = 24).  However, no response was 
seen  when  applied  to  α6β  expressing  cells  (1.3  ±  0.7  pS/pF  n  =  5).    These  experiments  are 
summarised  in  Figure  3.5.3d  and  provide  further  evidence  that  the  major  channel  population 
consisted of α6βδSEP receptors. 
 




0.1  respectively).    A  lack  of  correlation  was  anticipated  for  α6β/GFP  as  the  two  cDNAs  were 
transfected separately.  A positive correlation between α6βδSEP fluorescence and conductance would 
imply  that  a  shortage of  δSEP  subunit  expression was  limiting  the  formation  of  functional  surface 
receptors.    However,  a  lack  of  correlation  combined  with  THIP  sensitivity  and  zinc  resistance 









































has  been  shown  to  be  problematic  in  recombinant  expression  systems.    Here  the  successful 
trafficking of the δ‐subunit to the cell surface has been verified by conjugating the δ‐subunit to a pH 
sensitive form of GFP termed super ecliptic pHlorin (SEP).  The addition of the SEP tag allows surface 
and  intracellular  δ‐subunits  to  be  distinguished with  only  those  cells which  exhibit  clear  surface 
expression chosen for electrophysiological recordings.  In addition the incorporation of the δ‐subunit 
into functional cell surface receptors was verified by their resistance to zinc block.  The optimal ratio 
of subunit cDNA  to use during  transfection has also been debated  in  the  literature.   Using  the pH 
sensitivity of the SEP tag as an assay for δ‐subunit surface expression no significant difference was 
found between α6βδ ratios of 1:1:0.1, 1:1:1 or 1:1:10.  Subsequently the standard 1:1:1 transfection 
ratio  was  chosen  for  all  subsequent  experiments.    In  the  next  section  the  biophysical  and 
pharmacological  properties  of  α6βδ  receptors  will  be  investigated  in  response  to  steady‐state 











Mortensen  et  al,  2010;  Saxena & Macdonald,  1994; Wallner  et  al,  2003).    This  is  applicable  for 
investigating  synaptic  receptors  which  physiologically  respond  to  transient,  high  GABA 
concentrations released from the presynaptic terminal.  However, the physiological environment of 
the  extrasynaptic  receptors  is  likely  very  different  from  this.   Being  physically  removed  from  the 
synaptic  cleft  the  high  potency  extrasynaptic  receptors  open  in  response  to  the  low  GABA 






To  determine  the  physiological  range  of  extrasynaptic  GABAA  receptor  responses  dose  response 
curves  were  generated  from  both  peak  and  steady  state  conditions.    Rapid  manifold  GABA 
applications were performed  in  collaboration with Thomas McGee.   Figure 3.6.1a  shows a  typical 
whole cell recording from a α6βδ expressing HEK293T cell in response to rapid manifold applications 
of  both  250nM  and  1µM  GABA.    The  peak  and  the  steady‐state  responses  are  highlighted.  
Concentrations at  low as 10nM generated measurable whole cell currents and  the  individual data 
points at both peak and steady state (normalised to the maximum 1mM peak response) were well 
fitted by a Hill equation  (see Chapter 2).   From examining the  individual whole cell recordings and 



































3.6.2  Investigating  the  steady  state  characteristics  of  α6βδ  GABAA  receptors  using  bath 
applications of GABA 
 
Unlike  synaptic  receptors which  respond  to  brief GABA  transients  due  to  synchronised  vesicular 
release,  extrasynaptic  GABAA  receptors  are  localised  away  from  the  synaptic  cleft  where  they 
respond  to  the  relatively slow changes  in ambient GABA concentration.   To simulate physiological 
conditions  HEK293T  cells were  exposed  to  bath  applications  of GABA.    As  bath  applications  are 
relatively  slow  the  true  peak  responses  are missed  however,  the  steady  state  responses  can  be 
readily analysed.  Two different protocols were employed to investigate the steady state responses 
of α6βδ receptors.  Figure 3.6.2a shows a continuous whole cell voltage clamp recording from a α6βδ  
receptor  expressing  HEK293T  in  response  to  bath  applications  of  10nM  and  100nM  GABA.    To 
determine the current level before and after agonist application the current traces were analysed by 
generating all points histograms from a 10 second segment once the response had reached steady 
state.   Histograms were  fitted with a single Gaussian  function  (black  line, see Chapter 2) with  the 
peak  representing  the mean  current.    To  investigate  the  biophysical  properties  of  α6βδ  GABAA 
receptors a separate voltage protocol was used as shown in Figure 3.6.3.  Cells were clamped at the 
holding  voltage  (Vh)  for  400 ms  from which  all  points  histograms were  generated  and  the mean 
current recorded after fitting with a single Gaussian function (grey area Figure 3.6.3).  The cells were 
then  subjected  to a voltage  ramp  from 40  to  ‐150 mV before  returning  to Vh.   This protocol was 
repeated every 10 seconds and  the mean current plotted  to  reconstruct  the  time course.   The all 
points histograms generated at steady state are also shown  in Figure 3.6.3.   Note that as the α6βδ 







It  was  recently  reported  that  the  α5  subunit  mediated  tonic  conductance  in  hippocampal  CA1 
pyramidal  cells  is  outwardly  rectifying  in  a  symmetrical  ion  gradient  (Pavlov  et  al,  2009).    To 
determine whether or not  α6βδ GABAA  receptors also  share  this property  cells were  subjected  to 
voltage  ramps  from 40  to  ‐150mV as described above.   Figure 3.6.2d  shows  the  resultant current 
voltage relationships in response to a steady state application of 10 and 100nM GABA.  Similarly to 
the  α5  mediated  tonic  conductance  α6βδ  GABAA  receptors  were  also  outwardly  rectifying  in  a 
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symmetrical  ion  gradient.    The  degree  of  outward  rectification  was  unaffected  by  changes  in 
ambient GABA from 10 to 100nM.    Indeed no difference  in the extent of channel rectification was 
found  at  any  GABA  concentration  examined  (data  not  shown).    Outward  rectification would  be 






































Figure  3.6.4  shows  the  steady  state  dose  response  curves  generated  using  the  bath  application 
protocol.  The spread of the individual data plots at each concentration demonstrates the cell to cell 
variability  in  the magnitude  of  the  GABA  response.    This  variability  likely  reflects  differences  in 
receptor expression levels between cells as was seen earlier for the magnitude of the K2P mediated 
leak  conductance.   However,  despite  this  variability  the  individual  conductances were well  fitted 
with a Hill equation and gave comparable estimates of the EC50 to those generated using the average 
conductances  normalised  to  10µM  GABA  (EC50  values  of  245  and  250nM  GABA  respectively) 
however,  these  values  were  slightly  higher  than  those  generated  using  the  rapid  manifold 




























steady  state  conductances  generated  by  α6βδ  GABAA  receptors  highlights  extensive  receptor 
desensitisation even at  low ambient GABA concentration.   This unappreciated property may have 
important  consequences  for  receptor  modulation  by  anaesthetics  and  other  pharmacological 
modulators and will be  investigated  further  in  the next  section.   A  further observation  is  that  the 









GABA,  conditions  more  akin  to  those  found  at  the  synaptic  cleft  (Brown  et  al,  2002;  Feng  & 
Macdonald,  2004;  Mortensen  et  al,  2010;  Saxena  &  Macdonald,  1994;  Wallner  et  al,  2003).  
However, δ‐containing extrasynaptic receptors are localised away from the cleft (Nusser et al, 1998) 
where they are more  likely to respond to slow changes  in the ambient GABA concentration  found 
within  the  extracellular  space  (Farrant  &  Nusser,  2005).    The  δ‐containing  extrasynaptic  GABAA 
receptors are generally considered to exhibit only modest slow desensitisation  in comparison with 
synaptic  GABAA  receptors  (Farrant  &  Nusser,  2005;  Saxena  &  Macdonald,  1994).    However, 
mimicking more physiological conditions by using slow bath applications of GABA demonstrated the 
extent of α6βδ receptor desensitisation in the presence of steady state ambient GABA.  In addition to 




Both  synaptic  and  extrasynaptic  GABAA  receptors  are  potentiated  by  the  majority  of  general 
anaesthetics.  In addition many modulators and agonists of δ‐containing receptors have anaesthetic 
like  actions  at  sufficiently  high  doses  (Franks,  2008;  Meera  et  al,  2009).    Anaesthetics  and 
modulators of α6βδ receptors are also often studied during rapid drug applications.   Therefore, the 





Both  synaptic  and  extrasynaptic  GABAA  receptors  are  molecular  targets  for  the  intravenous 
anaesthetic  Propofol.  At  low  clinical  doses  Propofol  acts  as  an  allosteric  modulator  increasing 
channel activity.   However at higher doses, Propofol directly activates  receptors  in  the absence of 
agonist (Brown et al, 2002; Drasbek & Jensen, 2006; Franks, 2008; Hales & Lambert, 1991).  Although 










in acute  slice preparations  (Zecharia et al, 2009) whist having no direct agonist effect.   No direct 






α6βδ  GABAA  receptor  response  in  the  presence  of  low  concentrations  of  GABA.    The  data  are 
summarised  in the corresponding all‐points histograms.   As  it has previously been proposed that a 
population of δ‐containing extrasynaptic GABAA receptors are constitutively active, 50 µM picrotoxin 
was also applied at the end of the experiment (Farrant & Nusser, 2005).  Blockade of a constitutive 




On  average  1.5  µM  Propofol  consistently  potentiated  sub  EC10  GABA  responses  with  percent 
enhancements of 34.5 ± 11.3%  (n = 4), 30.0 ± 12.5 %  (n = 5) and 29.7 ± 11.5 %  (n = 6)  for 15nM, 
30nM  and  50nM  GABA  responses  respectively.    However,  as  the  external  steady  state  GABA 





effect of steady state ambient GABA on Propofol enhancement  is summarised  in Figure 3.7.3.   It  is 














































if  it  is assumed  that Propofol binds with equal affinity  to both  the open and closed  (desensitised) 
states thus, stabilising the receptor in the GABA bound state (Franks, 2008).  This is depicted in the 








GABAA  receptor mediated  current  and  shifts  the  GABA  dose  response  curve  to  the  left without 
altering the maximum response.  In agreement with the experimental data the model predicts that 
as  the GABA concentration  increases and  the  receptor  reaches  its maximum open probability  the 
Propofol  induced enhancement decreases.   The maximum open probability will be reduced further 
at steady state compared to peak due to receptor desensitisation as well as the apparent increase in 
potency.   Therefore, the anaesthetic  induced enhancement will become attenuated at  lower GABA 




























The  presence  of  ambient  GABA  and  subsequent  receptor  desensitisation  attenuates  Propofol 
enhancement of the tonic conductance.    It was of  interest to determine whether or not this effect 
also applied to other modulators.  Ethanol has been shown to enhance the tonic conductance as well 
as generating anaesthetic end points when consumed in sufficient quantities.  30mM ethanol (EtOH) 
has been  shown  to  increase  the  tonic  conductance  in dentate  gyrus  granule  cells  (DGGCs).    This 
effect  appears  to be  δ‐subunit  specific  as ethanol did not  increase  the  tonic  conductance  in CA1 
pyramidal cells  (where  the  tonic conductance  is mediated by α5 containing  receptors,    (Wei et al, 
2004)).  Despite evidence supporting a role for δ‐containing receptors in mediating EtOH actions, the 
exact mechanism  by which  EtOH potentiates  the  tonic  conductance  remains  controversial.   Both 
α6βδ  and  α4βδ  receptors  have  been  shown  to  be  sensitive  to  EtOH  in  recombinant  expression 
systems with current enhancement seen at concentrations from as low as 3mM to as high as 300mM 
(Hanchar et al, 2005; Meera et al, 2010; Santhakumar et al, 2007; Wallner et al, 2003).   However, 
these  results  have  not  always  been  reproducible  (Baur  et  al,  2009;  Borghese  &  Harris,  2007; 
Borghese et al, 2006).   To determine whether or not EtOH potentiates α6βδ receptors 30mM EtOH 
was bath applied to the cells (as before) once steady state had been reached.  A 50nM (EC10) GABA 
concentration  was  chosen  to  minimise  receptor  desensitisation  and  maximise  any  EtOH 
potentiation. 
 
Figure  3.7.5  shows  all  points  histograms  generated  from  the  α6β2δ  receptor  response  to  a  bath 
application of 50nM GABA and the  lack of potentiation during the co‐application of EtOH at steady 
state.   Wallner  et  al.  (2003)  demonstrated  that  receptors  containing  the  β3  subunit were more 
susceptible to low doses of EtOH then those containing β2.  Repeating the experiment with HEK293T 
cells  expressing  α6β3δ  receptors did not  show  any difference  in  EtOH  response  (P  >  0.95, Mann‐
Whitney  test).    The  effect  of  EtOH  on  current  enhancement  was  variable  for  both  receptor 
combinations however, the mean potentiation was negligible at 1.3 ± 9.7 % (n = 10) and 2.4 ± 7.8 % 
(n  =  5)  for  α6β2δ  and  α6β3δ  receptor  combinations  respectively  (%  error  represents  the  standard 





















of  α6βδ  receptors.    It was  of  interest  to  determine whether  another modulator  of  α6β2δ GABAA 
receptors was equally affected by ambient GABA.   THIP (4,5,6,7‐tetrahydroisoxazolo[5,3‐c]pyridine‐
3‐ol or Gaboxadol) has both analgesic and sedative properties as well as enhancing non‐REM, slow 
wave  sleep  (Krogsgaard‐Larsen  et  al,  2004;  Wafford  &  Ebert,  2006;  Winsky‐Sommerer,  2009).  







THIP  is  a  competitive  agonist  and  therefore,  it  is  often  studied  in  isolation  (Brown  et  al,  2002; 
Mortensen  et  al,  2010).   As with  Propofol,  α6βδ  expressing HEK293T  cells were  exposed  to  bath 
applications of GABA with a  co‐application of 500nM THIP once  the GABA  response had  reached 
steady  state.    A  concentration  of  500nM  THIP  has  been  shown  to  be within  the  pharmacology 
relevant range in vivo as well as δ‐subunit specific (Lindquist et al, 2003; Stórustovu & Ebert, 2006).  







with  Propofol,  the  THIP  induced  conductance  was  significantly  reduced  as  the  ambient  GABA 























As well as  investigating  the effect of ambient GABA on  the THIP  induced conductance  the reverse 
was also considered using the simulation shown  in Figure 3.7.7b produced  in collaboration with Dr 




unbound  receptors.    Mortensen  and  colleagues  calculated  the  rate  constants  from  the  single 
channel conductances of  α4βδ  receptors  in  response  to  rapid applications of either GABA or THIP 





Sequentially  increasing  the  ambient  GABA  concentration  (black  trace)  resulted  in  an  increase  in 
receptor open probability (Figure 3.7.7c).  However, as THIP is a super agonist at peak compared to 
GABA the addition of ambient THIP at an EC10 concentration was equal to the maximum EC90 GABA 
response.   Therefore, subsequent  increases  in ambient GABA had  little effect on open probability.  
As only a  fraction of  receptors will be bound  to THIP at an EC10 concentration a  small  increase  in 
open  probability was  apparent  in  the  presence  of  EC90 GABA which  likely  reflects  an  increase  in 
receptor  occupancy.   However,  in  the  presence  of  EC50  ambient  THIP  sequentially  increasing  the 
ambient GABA  concentration  resulted  in  a  reduction  in open  probability with  the  greatest  effect 
seen  in  the  presence  of  EC90  GABA.    Therefore,  as  was  seen  previously,  the  THIP  induced 
conductance was attenuated  in  the presence of high ambient GABA.    In  the presence of ambient 
THIP, GABA would be expected to out‐compete THIP due to its higher apparent affinity, but reduce 
receptor open probability due to its lower efficacy.  Therefore, in circumstances where the ambient 
THIP  concentration  is  high  such  as  after  drug  administration  an  increase  in  ambient  GABA  (for 
instance,  due  changes  in  neuronal  excitability) would  be  predicted  to  be  excitatory  rather  than 
inhibitory.   
 
It  has  been  shown  experimentally  that  the  THIP  activated  conductance  was  attenuated  in  the 
presence of ambient GABA.  Furthermore, it has been demonstrated theoretically that increasing the 
GABA concentration in the presence of ambient THIP also reduces the THIP activated conductance.  
The  simulation  data  were  next  tested  experimentally  by  exposing  α6βδ  receptors  to  a  bath 
application of 500nM THIP.   Once  the  response  reached  steady  state 1µM GABA was  co‐applied.  
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Despite  generating  the  greatest  level  of  attenuation  during  the  simulation,  the  addition  of  1µM 
GABA  in  the presence of 500nM steady state ambient THIP had no effect on  the baseline current 
with a conductance change of  just 0.002 ± 0.001 nS/pF  (n = 4).   The simulation data showed  little 
change  in the baseline current  in  the presence of a peak EC10 THIP concentration.    indeed at α6βδ 
receptors 500nM THIP has been shown to correspond approximately to an EC5 THIP concentration 
(Stórustovu & Ebert, 2006).   Therefore, 1µM GABA would be predicted to reduce the steady state 
THIP  conductance  at higher  THIP  concentrations.    Increasing  the  steady  state  THIP  concentration 
further to 1µM, 2µM and 35µM still failed to produce a shift  in the baseline current  in response to 
1µM GABA with conductance changes of ‐0.066 ± 0.04 nS/pF (n = 7), ‐0.002 ± 0.005 nS/pF (n = 3) and 

















































in  the  corresponding  all  points  histograms  10  µM  THIP  generated  a  larger  peak  conductance 
compared  to  10  µM  GABA  (11.4  ±  5.2  nS/pF  (n  =  10)  compared with  4.0  ±  0.9  (n  =  22)  nS/pF 
respectively).   Therefore,  in aggreement with  the published  literature, THIP  is a  super agonist  for 
α6βδ  receptors at peak  (Stórustovu & Ebert, 2006).   However, as  shown  in Figure 3.7.9a  the THIP 
activated  conductance  was  considerably  desenistised  at  steady  state,  the  extent  of  which  is 
apparent upon comparing  the peak and steady state THIP dose  response curves.   Furthermore, at 
steady state α6βδ receptors were responsive over a smaller range of THIP concentrations with peak 
EC10  and  EC90  concentrations  of  392nM  and  52µM  respectively  compared  to  EC10  and  EC90 
concentrations of 61nM and 948nM at steady state respectively.  Therefore, although THIP acts as a 
super agonist at peak, receptor desensitisation results in a steady state THIP response similar to that 
seen  for GABA with maximum normalised conductances of 0.1 and 0.2  respectively  (Figure 3.7.9c 
and d).   Therefore, as THIP  is not a super agonist at steady state, and thus has a similar maximum 


























GABA  concentrations  as  low  as  EC50  can  significantly  inhibit Propofol  and  THIP mediated  channel 
activation  using  both  kinetic  modelling  as  well  as  direct  electrophysiological  data.    However, 
although  predicted  by  the model  increasing  the GABA  concentration  in  the  presence  of  ambient 









Chapter 4 Discussion 
 
The movement of potassium and chloride ions through two-pore domain potassium (K2P) channels 
and extrasynaptic δ-subunit containing GABAA receptors respectively are important contributors to 
the resting membrane permeability.  The influence of potassium and chloride flux on the resting 
membrane potential and the input conductance has important consequences for the integration of 
synaptic inputs and action potential propagation.  In Chapter 3 the pharmacological and molecular 
properties of these two mediators of the leak conductance were investigated.   
It was shown both theoretically and experimentally that the non-linear current voltage relationship 
of K2P channels was sufficient to repolarise the membrane after an action potential in the absence 
of voltage gated potassium channels. It was also shown that an increased K2P meditated input 
conductance hyperpolarised the membrane and raised the current required to reach AP threshold.  
However, once AP threshold was reached the corresponding reduction in the membrane time 
constant sped up AP rise and decay.    
 
Extrasynaptic δ-GABAA receptors are generally considered to be non-desensitising however; it was 
shown that δ-GABAA receptors are substantially desensitised at steady state even in the presence of 
low concentrations of ambient GABA.  The anaesthetics Propofol and THIP have been shown to 
enhance extrasynaptic GABA currents.  However, the presence of ambient GABA resulted in a GABA 
concentration dependent attenuation of the anaesthetic induced enhancement of the tonic 
conductance.   
 
In light of these observations the role of leak conductances in synaptic integration and action 
potential propagation will be discussed as well as possible implications at the axonal membrane.  In 
addition the impact of K2P channel and δ-GABAA receptor modulation on anaesthetic action will be 
considered. 
 
4.1 Characterisation of K2P channels 
 
Recombinant expression of K2P channels in HEK293T cells resulted in the hyperpolarisation of the 
cell membrane and an increase in the potassium input conductance (Gk).  The magnitude of the Gk 
generated using our recombinant expression system (see Figure 3.1.2) reflected input conductances 
recorded from native neurons.  For instance, in cerebellar granule cells the input conductance at -
20mV decreased from 0.5nS/pF in wildtype to 0.3nS/pF in the TASK3 knockout (Brickley et al, 2007).  
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TASK3 expressing cells had a greater input conductance when compared to those expressing TREK1.  
This variation likely reflects differences in channel density with TASK3 expressing cells having on 
average a more hyperpolarised RMP when compared to TREK1.  In addition TASK3 and TREK1 have 
different gating mechanisms which will also contribute to the resting Gk and membrane potential.  
For instance, whereas, TASK3 shows a constitutive activity, TREK1 has a low open probability at rest 
instead being activated by a number of physiological factors such as membrane stretch, lipids, raised 
temperature and intracellular acidification (Enyedi & Czirják, 2010; Maingret et al, 2000a; Maingret 
et al, 1999; Maingret et al, 2000b; Patel et al, 1998) (see Chapter 1). 
 
In agreement with the literature current flow through both TASK3 and TREK1 did not change 
instantaneously with voltage as predicted for a pure open rectifier (Maingret et al, 2002; Rajan et al, 
2000).  Instead there was both an instantaneous and a slow component to channel activation which 
likely reflects an increased open probability at depolarised potentials.  Maingret et al (2002) 
demonstrated than in a symmetrical ion gradient (in the absence of divalent cations) the whole cell 
current voltage relationship of TREK1 was outwardly rectifying whereas it was linear over the -160 to 
20mV range at the single channel level.  The single channel data revealed that the open probability 
was significantly enhanced at depolarised potentials resulting in the outward rectification observed 
at the whole cell level.  An increased open probability at depolarised potentials has also been seen 
for TASK3 (Brickley et al, 2007; Rajan et al, 2000) and TASK1 channels (Lopes et al, 2000).  The 
reduction in open probability at rest has important consequence for neuronal excitability.  A 
reduction in the resting potassium input conductance will promote temporal and spatial integration 
of excitatory inputs thus, increasing the likelihood that the cell will reach AP threshold.  However, 
once threshold is reached in combination with the non-linear GHK leak this additional time and 
voltage dependence will accentuate the ability of K2P channels to support APs by contributing to the 
repolarising phase of the AP as well as reducing the membrane time constant. 
 
Although the slow component to channel opening was voltage dependent the time constant to 
activation was not.  This agreed with Meadows and Randall (2000) who showed that the time 
constant to activation was not voltage dependent for TASK3.   However Maingret et al (2002) 
demonstrated that the time constant to activation of TREK1 decreased with voltage.  Therefore the 
channel was not only more likely to open at depolarised potentials but it also opened more rapidly.  
Differences in the voltage dependence to channel activation may reflect differences in 
phosphorylation state.  It has been shown that TREK1 can interconvert between a voltage 
dependent and a leak phenotype due to changes in the phosphorylation state of Serine 348 (in the 
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long form or S333 in the short form of TREK1).  Phosphorylation of the channel by protein kinase A 
(or engineering the S348D mutation to mimic phosphorylation) encouraged a voltage sensitive 
phenotype.  However, dephosphorylayion by alkaline phosphatase (or introduction of the S348A 
mutation to mimic dephosphorylaytion) converted TREK1 into a voltage independent leak channel 
(Bockenhauer et al, 2001).  This reflects an additional level of channel regulation with the voltage 
independent phenotype stabilising the cell at rest whereas phenotypic interconversion into a voltage 
dependent phenotype encourages AP firing (Bockenhauer et al, 2001).  Although Maingret et al 
(2002) were unable to reproduce these results they did confirm that the carboxyl terminus of TREK1 
is essential for voltage sensing as progressive deletion of the carboxyl-terminus eliminated the slow 
time dependent component to activation.  Indeed the carboxyl terminus of K2P channels has been 
shown previously to be an important regulatory site for channel gating (see Chapter 1) and it will be 
of interest to determine the exact residues responsible for the time dependent channel opening 
(Honoré, 2007; Mathie et al, 2010).  Removing ATP and GTP from the internal solution of the patch 
pipette would be expected to reduce channel phosphorylation and encourage a voltage independent 
phenotype.  However, no difference in channel activation kinetics or voltage dependence was 
apparent in this study for either TASK3 or TREK1.  Regulatory pathways, second messengers as well 
as post translational channel modifications can vary between cell types.  Therefore, discrepancies 
regarding the voltage dependence of TREK1 could be due to differences between the expression 
systems and channel species used.  Bockenhauer et al; performed single channel recordings from rat 
TREK1 expressed in Xenopus ooyctes.   On the other hand Maingret et al, (2002) used mouse TREK1 
and COS cells whereas recordings from this study were performed using human TREK1 in a HEK293T 
cell line.  Clearly the interconversion between voltage dependent and independent phenotypes is 
more complicated than a simple change in phosphorylation state.  Recently a regulatory binding 
partner of TREK1 has been identified termed the A-kinase anchoring protein 150 (AKAP150).  Binding 
of this protein to the regulatory region in the M4 transmembrane domain converts TREK1 into a leak 
only phenotype which is insensitive to activation by pH, arachidonic acid and membrane stretch and 
which exhibits a linear current voltage relationship in a symmetrical potassium ion gradient (Sandoz 
et al, 2006).  Further work is now required to determine the exact mechanism underlying the time 
and voltage dependence of K2P channels and identify the necessary accessory proteins and 






4.2 K2P channels and action potential propagation 
 
A non-linear K2P mediated leak conductance was sufficient to repolarise the membrane after an 
action potential in the absence of voltage gated potassium channels.  This was in agreement with 
the simulation data which also predicted that continual increases in the GHK leak would ultimately 
prevent AP firing by the generation of a resistive shunt.  However, the magnitude of the Gk produced 
by the recombinant expression of K2P channels in HEK293T cells was never sufficiently large to 
completely attenuate AP generation.   This may reflect a maximum expression level for K2P channels 
in the cell membrane.  It is also worth noting that the GHK leak conductances used in the model 
reflect maximal conductances observed in neuronal cells with the addition of a 5nS GHK leak via 
conductance injection being sufficient to rescue the accommodation phenotype present in 
cerebellar granule cells from TASK3 knockout mice (Brickley et al, 2007).  Interestingly blockade of 
the endogenous Kv with 10mM TEA also resulted in the modest block of both TASK3 and TREK1 
despite these channels being considered TEA insensitive.  However, even with a 15 to 25% reduction 
in the K2P mediated leak conductance in the presence of TEA the remaining non-linear K2P leak was 
still sufficient to repolarise the membrane after an action potential. 
 
As described previously TASK3 had a smaller time constant to activation than TREK1.  As shown in 
the simulation the faster activation kinetics of TASK3 compared to TREK1 resulted in a briefer AP.  
Therefore, although the effect was modest, TASK3 expressing cells maybe more efficient at 
supporting higher frequency action potential firing compared to those expressing TREK1.  Although 
both TASK3 and TREK1 supported high frequency action potential firing in the absence of voltage 
gated potassium channels a minimum Gk was required for AP propagation during sustained 
depolarisation.  This was reminiscent of high frequency firing in cerebellar granule neurons from 
TASK3 knockout mice.  During sustained activity the greater degree of depolarisation in the TASK3 
knockout lead to increased levels of sodium channel inactivation and subsequent AP 
accommodation (Brickley et al, 2007).  The same phenotype was also apparent in TASK3/TASK1 
double knockouts (González et al, 2009).  Blockade of K2P channels for instance, via G-protein 
coupled receptors is often considered to enhance neuronal excitability by depolarising the 
membrane and reducing the current required to reach AP threshold.   In addition the higher input 
resistance is predicted to increase the temporal summation of synaptic events.  However, it is clear 
that in certain circumstances blockade of K2P channels and the corresponding increase in the input 
resistance may actually inhibit high frequency firing due to greater membrane depolarisation and 
subsequent voltage gated sodium channel inactivation.  
146 
 
The effect of K2P channel modulation on action potential properties will likely depend upon the 
channel expression profile of each cell type.  For instance high frequency firing in cerebellar purkinje 
neurons is normally associated with the fast activating Kv3 channels (reviewed in Bean, 2007).  In 
addition removal of a TWIK1 conductance from neurons present in the medial nucleus of the 
trapezoid body (MNTB) by conductance injection increased action potential firing frequency, 
compared with control, rather than reduced it (Berntson & Walmsley, 2008).  However, the 
modelled K2P leak used for the conductance injection in this study was based upon a linear rather 
than a GHK leak thus, the influence of physiological TWIK 1 blockade on AP firing frequency may vary 
in vivo.  In conclusion it is apparent that K2P channel inhibition will have an effect on more than just 
the membrane potential although the overall impact will be dependent upon the individual 
complement of ion channels present in each cell type. 
 
4.3 The subcellular localisation of K2P channels and action potential propagation 
 
The subcellular localisation of K2P channels may also affect their influence on action potential 
propagation.  For instance, inhibition of axonal or terminal K2P channels would be expected to 
broaden the AP and prolong the activation of voltage gated calcium channels subsequently leading 
to an increase in neurotransmitter release at the presynaptic terminal.  This is seen in Aplysia 
californica when a background potassium conductance mediated by the S-type potassium channels, 
which share similar properties with TREK1, is inhibited by serotonin via the GαS pathway (Honoré, 
2007; Siegelbaum et al, 1982).  However, whether or not K2P channels are localised to the axonal 
membrane is currently unknown. 
 
The ability of K2P channels to repolarise the membrane in the absence of voltage gated potassium 
channels may have particular relevance at the mammalian node of Ranvier (Brickley et al, 2007; 
Kindler & Yost, 2005).  Although mammalian nodes contain a high density of voltage gated sodium 
channels there is a conspicuous absence of voltage gated potassium channels.  It has been shown 
using both immunohistochemistry and electrophysiology that voltage gated potassium channels are 
present in the axonal membrane but are localised away from the node to the juxtaparanodal region 
(Brismar, 1980; Chiu & Ritchie, 1981; Chiu & Ritchie, 1984; Chiu et al, 1979; Horackova, 1968; Poliak 
& Peles, 2003; Rasband & Shrager, 2000; Schwarz & Eikhof, 1987; Schwarz et al, 1995).  Being 
localised under the myelin, the juxtaparanodal potassium channels are unavailable to partake in AP 
propagation with the repolarisation phase of the AP instead being attributed to a large nodal leak 
conductance.  Indeed Chui et al, demonstrated that despite the lack of voltage gated potassium 
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channels action potentials recorded from rabbit nodes were actually faster than corresponding APs 
recorded at the same temperature from frog nodes due to the presence of a sizable leak 
conductance (4 to 5 times greater than the conductance recorded from frog nodes) in combination 
with voltage gated sodium channels with faster inactivation kinetics (Chiu et al, 1979).   
 
Although the importance of the leak conductance in supporting action potentials was recognised 
early on, the origin of the leak has been debated.  The relative voltage independence of the leak 
conductance as well as insensitivity to traditional potassium channel blockers has lead to the 
currently accepted source of the nodal leak termed the internodal leakage pathway.  Barrett and 
Barrett have identified two low resistance pathways under and through the myelin sheath via the 
periaxonal space and the Schmidt-Lanterman incisures respectively (see Figure 4.1) which, provide 
electrical connectivity between the nodal and internodal membranes.  After an action potential the 
passive capacitance current which would flow due to the discharging of the internodal membrane is 
considered sufficient to repolarise the nodal membrane.  This capacitive current is suggested to 
manifests itself as the depolarising after potential visible in nodal recordings (Baker et al, 1987; 




Figure 4.1| The internodal leakage pathway 
A cut-away diagram of the myelinated axon showing the position of the node (purple), paranode 
(red), Juxtaparanode (blue) and the internode (grey).  The source of the leak conductance at 
mammalian nodes is hypothesised to originate from the internodal leakage pathway.  Arrows 
indicate the two possible low resistance leakage pathways though (via the areas of uncompacted 







The majority of the work described above however, was carried out prior to the discovery of the K2P 
channel family.  As described previously this family display many of the properties of the nodal leak 
such as, voltage independence and resistance to potassium channel blockers.  It has been shown 
both theoretically and experimentally that a non-linear K2P leak and a voltage gated sodium 
conductance is sufficient to generate action potentials which, in agreement with APs recorded from 
mammalian myelinated axons, lack a hyperpolarising after potential.  However, although a possible 
role for K2P channels at the nodal membrane is intriguing the localisation of K2P channels to the 
axonal membrane and their relative contribution to the nodal leak remains to be determined. 
 
Both an electrophysiological and immunofluorescence approach was applied to determine the sub-
cellular localisation of K2P channels within neurons.  Electrophysiology recordings from the sciatic 
nerve preparation proved challenging with the combination of the small axon diameter alongside 
the myelin sheath hindering pipette access to the axonal membrane.  Indeed Wilson and Chui found 
that 45% of myelinated axon recordings were made from Schwann cell rather than paranodal 
membrane (Wilson & Chiu, 1990).  The application of tension along the length of the nerve fibre 
during dissection promoted demyelination and allowed for the regular formation of giga-ohm seals 
although some Schwann cell membrane may still have remained.  Pipette access to the axonal 
membrane could be further improved by the addition of a short protease step to break down the 
axial-glial junctions (Koh et al, 1992).  However, breaking down the axonal architecture may result in 
the redistribution of ion channels.  For instance, Kv channels have been shown to rapidly diffuse into 
the nodal and paranodal regions after experimental demyelination of rat sciatic nerve (Rasband et 
al, 1998).  Yet, although the exact sub-cellular localisation of a channel population would not be 
possible in this preparation it would provide evidence that a particular channel is actually trafficked 
to the axonal membrane.  Further optimisation is still required to produce outside-out patches and 
recordings from sciatic nerve axons.  For instance, plating the axons onto laminin coated coverslips 
rather than poly D-lysine may improve adhesion and increase the yield of plated axons.  In addition 
moving from a mouse to a rat preparation may increase axon size again improving pipette access.  
Once optimised single channel recordings could be made from the sciatic nerve and the effects of 
known K2P modulators such as halothane, zinc and lipids monitored and compared to K2P knockout 
animals in an attempt to record and identify potential members of the K2P channel family. 
 
In parallel to the electrophysiology an alternative immunofluorescent approach was applied to 
determine the subcellular localisation of K2P channels in both the peripheral and central nervous 
system using the sciatic nerve and cerebellar granule neurons respectively.  Antibodies against the 
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cytoskeletal protein NF-200 was used as positive control for myelinated axons.  Although positive 
NF200 sciatic nerve staining was observed, staining was reduced in large axon bundles.  The addition 
of a collagenase step may improve antibody access by promoting the break down of the endoneural 
collagen fibres thus, making it easier to separate the individual axons.  This in turn would increase 
the efficiency of permeablisation and subsequent antibody access.  Lysolethicin treatment could also 
be used to breakdown the myelin sheath although retraction of the myelin may result in the 
redistribution of ion channels as discussed previously (Chiu & Ritchie, 1981).  Complementary to the 
sciatic nerve preparation, we filled cerebellar granule cells with the fluorescent dye Lucifer yellow 
and their cellular architecture was reconstructed to identify putative axons.  The cellular morphology 
could be improved further by filling neurons from deeper within the slice in an attempt to preserve 
more of the axon as well as using neurobiotin staining to amplify the fluorescent signal.   
 
Cerebellar granule cells were filled with the dye Lucifer yellow during whole cell recordings.  Analysis 
of the individual action potentials recorded and their corresponding phase plane plots identified a 
distinctive kink in the action potential prior to the main spike.  This has been observed in somatic 
recordings from other neurons and is thought to reflect the initiation of the action potential at the 
axon initial segment (Bean, 2007; Colbert & Johnston, 1996; Shu et al, 2007).  Indeed locally blocking 
the sodium channels at the initial segment in Purkinje neurons reduces the kink whereas inhibition 
of sodium channels at the first node of Ranvier has no effect (Khaliq & Raman, 2006).  The kink in the 
AP may reflect a population of sodium channels with a lower firing threshold at the initial segment 
compared with the soma.  However, it has been proposed that differences in the 
electrophysiological properties between the soma and the initial segment, such as a smaller 
membrane area at the initial segment, would result in instantaneous differences in subthreshold 
membrane potentials.  This would explain the kink without the necessity for different populations or 
clustering of sodium channels (Bean, 2007; McCormick et al, 2007).   
 
TASK1 and TASK3 were chosen for immunofluorescent studies due to the availability of knockout 
animals which would have provided a model negative control as well as both in-situ hybridisation 
and RT-PCR evidence of TASK1 and TASK3 expression in mouse and rat dorsal root ganglion neurons 
(Dobler et al, 2007; Medhurst et al, 2001; Talley et al, 2001).  However, although it was possible to 
generate suitable preparations for investigating the subcellular localisation of the K2P channels 
progression was halted due to the lack of specific TASK1 and TASK3 antibodies as identified by 
Western blotting.  The non-specificity of the commercially available antibodies within the sciatic 
nerve preparation highlights the importance of characterising all antibody stocks before use.  A 
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possible alternative to antibody staining would be to engineer K2P channels directly conjugated to 
the pH sensitive mutant of green fluorescent protein called super ecliptic pHlorin (SEP).  As 
demonstrated in Chapter 3, the SEP mutant has limited fluorescence at acidic pH.  This allows for the 
ready identification of channels located at the cell surface compared to those being transported 
along the axon within acidified secretory vesicles (Ashby et al, 2004).  The introduction of SEP-tagged 
K2P channels into specific brain regions or into organotypic slices cultures could be achieved by 
infection of adeno-associated viral (AAV) vectors containing the desired constructs (Tenenbaum et 
al, 2004).  The subsequent expression and trafficking of these fluorescent proteins throughout the 
neuron would give an indication of their normal subcellular location although; over-expression of the 
viral constructs may lead to aberrant trafficking. 
 
Although there is currently no direct evidence of K2P channels being localised to the membrane of 
mammalian axons there have been reports of a potassium ‘flicker’ channel in Xenopus laevis 
myelinated axons.  This channel has similar properties to the K2P channels being open at rest, 
relatively TEA insensitive, sensitive to barium and zinc block as well as inhibited by the local 
anaesthetic bupivicane.  This sensitivity to bupivicane and pH suggest members of the TASK family 
could contribute to the leak nodal conductance in Xenopus axons (Bräu et al, 1995; Koh et al, 1992; 
Nau et al, 1999).  If the presence of K2P channels could be confirmed in myelinated axons this may 
have important implications for the mechanism of action for local anaesthetics.  Blockade of K2P 
channels by local anaesthetics such as bupivicane may depolarise the membrane leading to sodium 
channel inactivation and conduction block (Kindler & Yost, 2005).  In addition to the potential 
localisation of the TASK channel family to the axonal membrane there is also some evidence 
supporting the presence of the TREK channel family. The localisation of TREK1 to small and medium 
sensory neurons from mouse dorsal root ganglion fibres has been shown to be important in pain 
perception with TREK1 knockout animals having increased sensitivity to heat and mechanical stimuli 
then wildtype (Alloui et al, 2006).  As well as TREK1, DRG neurons express members of the transient 
receptor potential channel (TRP) ion channel family which open and depolarise the neuron in 
response to increases in temperature.  It has been proposed that the temperature sensitivity of 
TREK1 modulates the activity of TRP channels by opposing TRP mediated membrane depolarisation 
(Honoré, 2007).  Although there is some evidence that TREK1 is trafficked along the sciatic nerve 
(Bearzatto et al, 2000) direct confirmation of channel localisation to the axonal membrane or nerve 




A non-linear K2P leak was shown to repolarise the membrane after an AP in the absence of voltage 
gated sodium channels.  However, the tonic GABA conductance mediated by extrasynaptic α6βδ 
receptors also generated an outwardly rectifying leak conductance in a symmetrical ion gradient 
independently of GABA concentration.  This similarity between the K2P leak and the extrasynaptic 
GABAA leak conductances in terms of rectification has also been shown for α5 containing receptors in 
the hippocampus whose non-linear current voltage relationship would be enhanced further in a 
physiological ion gradient due to GHK rectification (Pavlov et al, 2009).  It would be of interest to 
determine whether an extrasynaptic GABAA receptor mediated leak conductance could also 
repolarise the membrane after an action potential and potentially contribute to the nodal leak 
conductance.  Extrasynaptic GABAA receptors have been reported in the axonal compartment 
however, activation of these receptors can be either inhibitory or excitatory.  This response is 
dependent upon the cell type as well as the intracellular chloride concentration which reflects 
channel activity as well as the relative density of the chloride co-transporters Na+-K+-Cl- (NKCC1) and 
K+-Cl- (KCC2, reviewed by (Trigo et al, 2008)).  Clearly the role of extrasynaptic GABAA receptors in 
modulating axonal action potentials is complicated not only by the complement of channels, 
receptors and transporters in each cell type but also by the extracellular GABA concentration, the 
magnitude of the tonic conductance and alterations in the GABA reversal potential due to 
accumulation of intracellular chloride. 
 
4.4 Steady-state desensitisation of extrasynaptic GABAA receptors 
 
In Chapter 3, the concentration response curves generated from the steady state α6βδ receptor 
currents were both leftward shifted compared to peak and responsive over a narrower range of 
GABA concentrations.  Thus, measuring only the peak conductance may underestimate the potency 
of extrasynaptic receptors whist overestimating their active concentration range.  Differences in 
methodology may therefore, contribute to the varied estimates for the half maximal GABA response 
at α6βδ receptors ranging from approximately 150 to 750nM (Baur et al, 2009; Feng & Macdonald, 
2004; Saxena & Macdonald, 1996; Wallner et al, 2003).  The narrow range of GABA concentrations 
over which the α6βδ receptors were responsive corresponded well with the predicted extracellular 
GABA concentrations from in vivo microdialysis measurements and calculations which span from 
tens of nanomolar to low micromolar concentrations (Farrant & Nusser, 2005; Kékesi et al, 1997; 
Lerma et al, 1986; Rossi & Hamann, 1998; Wu et al, 2007).  The extracellular GABA concentration is 
dependent upon the activity, affinity and stoichiometry of the GABA transporter.  This reflects the 
intracellular GABA concentration and the gradient of Na+ and Cl- ions at a given membrane potential 
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resulting in a predicted resting extracellular GABA concentration of between 100 to 400nM (Wu et 
al, 2007).  The range of GABA concentrations reported in the literature varies widely and may reflect 
the uncertainties related to microdialysis techniques.  However, these variations may also reflect 
true cell type and regional concentration differences as well as local network activity (Brickley et al, 
1996; Bright et al, 2007; Glykys & Mody, 2007). For instance, the extracellular GABA concentration in 
the thalamus has been shown to approximately double from a resting value of 700nM during slow 
wave sleep (Wu et al, 2007).  Indeed as α6βδ receptors are expressed specifically within cerebellar 
granule cells (Wisden et al, 1992) the narrow range of GABA concentrations over which α6βδ 
receptors were found to be responsive may reflect the range of physiological GABA concentrations 
found within the cerebellum.  Therefore, although the magnitude of the tonic conductance will be 
dependent upon the presence and expression levels of extrasynaptic GABAA receptors and the 
degree of receptor recycling, local differences in the extracellular GABA concentration will greatly 
influence the tonic conductance in different brain regions. 
 
It has been reported that δ-containing GABAA receptors display only modest macroscopic 
desensitisation in comparison with γ-containing subtypes which, in combination with high apparent 
agonist affinity, facilitates the generation of a persistent tonic chloride conductance (Brown et al, 
2002; Feng & Macdonald, 2004; Saxena & Macdonald, 1994; Wallner et al, 2003).  Therefore it was 
surprising to observe that α6βδ receptors were more desensitised then previously reported at 
physiologically relevant ambient GABA concentrations.  At physiological temperature α4βδ receptors 
have also recently been shown to exhibit substantial desensitisation with an EC50 of desensitisation 
of 60nM (Bright et al, 2011).  Therefore, with the resting ambient GABA concentration being 
predicted to be around 100 – 400nM, the majority of GABA bound αβδ receptors will be 
substantially desensitised at rest thus, limiting the magnitude of the tonic conductance and shunting 
inhibition. The extent of receptor desensitisation of extrasynaptic receptors also agrees with the 
predictions made by Mortensen and colleagues from simulations based upon their experimental 
data.  However, despite observing in the current study that approximately 60% of extrasynaptic α6βδ 
receptors are desensitised in the presence of 250nM GABA this receptor population is still central to 
the generation of the tonic conductance with abolition of the α6 subunit and/or δ subunit resulting 
in the complete loss of the tonic conductance from cerebellar granule cells (Brickley et al, 2001; Stell 





The Jones and Westbrook (1995) kinetic scheme describes two desensitised states for GABAA 
receptors.  Slowly rising GABA transients are less efficient at activating receptors and encourage 
entry into a desensitised state which has slow entry and exit kinetics.  In this desensitised state 
receptors are predicted to be less able to respond to succeeding stimuli and are effectively 
‘removed’ from the available pool (Jones & Westbrook, 1996; Jones & Westbrook, 1995; Mellor & 
Randall, 1998; Overstreet et al, 2000).  As extrasynaptic GABAA receptors are largely considered to 
be relatively non-desensitising the consequences of receptor desensitisation on extrasynaptic 
populations have generally been ignored.  However, the substantial degree of desensitisation 
observed here as well as by Bright et al (2011) for α4βδ receptors in the presence of low equilibrium 
GABA concentrations may considerably perturb the ability of extrasynaptic receptors to respond to 
relatively fast increases in GABA concentration.  For instance, it has been proposed that 
extrasynaptic GABAA receptors can be activated by the diffusion or ‘spillover’ of GABA from the 
synaptic cleft especially at glomeruli synapses (Bright et al, 2011).  Activation of extrasynaptic 
receptors by neurotransmitter spillover could lead to delayed phasic inhibition and prolonged IPSCs 
(Brickley et al, 1996; Rossi & Hamann, 1998; Wu et al, 2007).  However, receptor desensitisation in 
the presence of steady state ambient GABA will limit the availability of receptors to respond to rapid 
stimuli (Overstreet et al, 2000).  Indeed it has been recently shown that desensitisation of δ-
containing extrasynaptic receptors prevents these subtypes from contributing to spillover currents in 
both thalamic relay neurons as well as cerebellar granule cells (Bright et al, 2011).  Thus, 
extrasynaptic α6βδ and α4βδ receptors are unlikely to contribute to any aspect of phasic inhibition 
with desensitisation placing clear constraints upon the conditions in which high affinity extrasynaptic 
receptors can respond to changes in ambient GABA.   
 
The effect of channel desensitisation on the ability of extrasynaptic receptors to respond to rapid 
GABA transients (Bright et al, 2011) appears to correspond with the predictions made by the Jones 
and Westbrook scheme described above.  However, during single channel recordings, the possibility 
of multiple channels per patch makes it difficult to extract information regarding channel kinetics 
and the number of desensitised states.  Indeed Mortensen and colleagues combine what could be 
multiple desensitised states in their model into one composite state (although when Mortensen and 
colleagues introduced further branching into their model to include multiple desensitised states this 
did not improve the fitting to the experimental data).  Therefore, it is worth noting that in 
combination with the increased GABA potency of δ-containing receptors the effect of desensitisation 
on channel gating may differ from predictions based solely upon γ-containing receptors such as the 
Jones and Westbrook scheme.   
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4.5 Functional expression of δ-containing GABAA receptor subtypes 
 
Discrepancies in the literature regarding the degree of δ-GABAA receptor desensitisation likely 
reflects differences in receptor subunit composition with α6 subtypes often exhibiting a larger 
degree of macroscopic desensitisation compared to those expressing α4 and α1 (Bianchi et al, 2002; 
Brown et al, 2002; Feng & Macdonald, 2004).  In addition brief GABA applications similar to 
conditions found at the synaptic cleft will likely underestimate the degree of receptor 
desensitisation as the δ-GABAA mediated conductance will have insufficient time to reach steady 
state levels.  Differences may also arise due to cell type specific post-translational modifications and 
regulatory pathways associated with the different expression systems used such as CHO cell lines or 
Xenopus ooyctes.  For instance, protein kinase A phosphorylation of the β3 subunit has been shown 
to decrease the desensitisation rate of α4β3δ receptors (Borghese & Harris, 2007; Tang & Macdonald, 
2005).  Furthermore, it has been reported that protein kinase C phosphorylayion of the α4 subunit 
encouraged stable expression of α4βδ receptors at the cell surface (Abramian et al, 2010).  In 
addition the clustering of δ-GABAA receptors in cultured hippocampal neurons has been shown to 
make extrasynaptic receptors less susceptible to desensitisation thus, increasing the sensitivity of 
the tonic conductance to changes in extracellular GABA concentration (Petrini et al, 2004).   
 
Investigating the properties of δ-containing GABAA receptors is complicated further by the difficulties 
associated with expressing functional receptors in recombinant expression systems.  An excess of δ-
subunit cDNA is regularly added to transfection mixtures to encourage successful delta subunit 
incorporation and to discourage the generation of binary receptors.  Indeed incomplete δ-subunit 
incorporation has been suggested to explain the discrepancies surrounding the enhancement of δ-
containing receptors to low concentrations of ethanol (Meera et al, 2010).  However, altering 
transfection ratios may lead to additional complications.  It has been reported that increasing the 
ratio of δ-subunit cDNA results in an increase in the half-maximal GABA concentration of α4β3δ 
receptors, possibly reflecting a mixed GABAA receptor population or changes in subunit 
stoichiometry (You & Dunn, 2007).  Furthermore, it has been suggested that increasing the ratio of 
δ-subunit cDNA actually has a dominant negative effect upon receptor surface expression with the 
optimum ratio of α:β:δ subunits actually being 1:1:0.1 (Barrera et al, 2008; Botzolakis et al, 2007).   
 
Successful δ-subunit incorporation was verified in this study by the relative insensitivity of α6β3δ 
receptors to 1μM zinc compared to αβ receptors.  The zinc sensitivity of α6βδ receptors was similar 
to the approximately 20% inhibition seen previously for both α4β3δ receptors (Borghese et al, 2006) 
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and α6β3δ receptors (Stórustovu & Ebert, 2006) giving confidence in successful surface expression of 
functional receptors .  It has been proposed that zinc block alone is not a reliable predictor of δ-
subunit incorporation (Meera et al, 2010).  To further assay for δ-subunit surface expression the N-
terminus was conjugated to the modified pH sensitive form of super ecliptic pHlorin, as described 
previously (Ashby et al, 2004; Ashby et al, 2006; Sankaranarayanan & Ryan, 2000).  No difference in 
δ-subunit surface expression levels were seen between the α:β:δ cDNA ratios of 1:1:0.1, 1:1:1 or 
1:1:10 once fluorescence was normalised for cell number.  Discrepancies in the literature likely 
reflect species and expression system differences as described previously.  The HEK cell line used 
here has been transformed with the large T antigen from simian virus 40 (SV40) (Ali & DeCaprio, 
2001) which promotes episomal replication of plasmid cDNA containing an SV40 promoter (see 
methods).  The efficiency of cDNA uptake as well as additional episomal replication of each subunit 
encoding plasmid is likely to alter the intracellular cDNA ratio from the original transfection mixture.  
Thus the plasmid ratio used for transfection may not translate exactly into the intracellular plasmid 
ratio especially when using rather indirect transfection methods such as calcium phosphate and 
lipofectamine when compared to direct microinjection of mRNA into Xenopus oocytes.  As no 
significant difference between transfection ratios was apparent in HEK293T cells a 1:1:1 transfection 
ratio was used which has been shown to give the most consistent half maximal GABA responses 
when transformed into Xenopus oocytes (You & Dunn, 2007).   
 
4.6 Extrasynaptic GABAA receptors and anaesthetic action 
 
In recombinant expression systems the pharmacological properties of compounds targeting GABAA 
receptors are often studied during brief co-applications of GABA.  However, the presence of steady 
state ambient GABA may have important consequences for the potency of clinically relevant drugs 
such as, anaesthetics, which are believed to mediate their effects via these targets.  In Chapter 3, the 
consequences of activation of α6βδ receptors by steady state ambient GABA on the potency of 
Propofol, ethanol and THIP were investigated. 
 
As shown the Propofol mediated enhancement of the tonic conductance was almost completely 
attenuated in the presence of an EC50 (250nM) concentration of ambient GABA which, is well within 
the predicted range of extracellular GABA concentrations in vivo (see Section 4.4).  Therefore these 
observations place clear limitations of the ability of Propofol to increase the α6βδ mediated tonic 
conductance.  The dependence of anaesthetic action on GABA concentration is not Propofol or α6βδ 
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receptor specific.  Enflurane and butanol potentiation of α1β2γ2s GABAA receptor currents have also 
been shown to be attenuated at EC50 ambient GABA concentrations (Harris et al, 1995).  
   
It has been suggested that Propofol potentiates synaptic GABAA responses by increasing channel 
opening by prolonging macroscopic deactivation with only a modest change in desensitisation 
resulting in a leftward shift in the GABA dose response curve (Bai et al, 1999; Franks, 2008).  As 
shown in Chapter 3 the steady state GABA dose response curve for α6βδ receptors is leftward shifted 
compared to peak.  In the presence of Propofol and steady state ambient GABA the potency of α6βδ 
receptors will be increased further (as shown for the model GABAA receptor in Figure 3.7.4).  
Therefore, even in the presence of relatively low ambient GABA concentrations α6βδ receptors are 
already close to their maximal conductance.  Thus, as the ambient GABA concentration is raised 
Propofol will be unable to activate the channel further resulting in the attenuation of the Propofol 
response in the presence of EC90 ambient GABA concentrations.  As the effects of Propofol on 
extrasynaptic GABAA receptors are often examined using peak responses the consequences of 
steady state ambient GABA on Propofol action have often been overlooked (Brown et al, 2002; Feng 
& Macdonald, 2004; Meera et al, 2009).   
 
Increases in ambient GABA and regional concentration differences will greatly constrain the 
circumstances and cell types in which Propofol can potentiate the tonic conductance of α6/4βδ 
receptors as well as bringing into question the contribution α6/4βδ receptors make to the anaesthetic 
outcome of Propofol.  Indeed Propofol anaesthesia as determined by sleep time was unaffected in δ-
subunit knockout mice compared with wildtype (Mihalek et al, 1999).  As Propofol causes a parallel 
leftward shift in the GABA dose response curve, potentiation of the tonic conductance by Propofol in 
acute slices and neuronal cultures may actually be due to activation of extrasynaptic αβγ receptors 
rather than α6/4βδ receptors.  Therefore, although α6/4βδ have the potential to contribute to the 
anaesthetic outcomes of Propofol their contribution will be cell type, GABA concentration and 
possibly excitability dependent.  Furthermore, whilst the Propofol response was attenuated in 
B3(N265M) knock-in mice the response to the steroidal anaesthetic alphaxalone was unaffected 
(Jurd et al, 2003).  Indeed the steroid binding site has recently been identified at specific residues on 
the transmembrane regions of the α-subunit (Q241, N407 and Y410) (Hosie et al, 2009).  The 
alternative anaesthetic binding site of alphaxalone and other neurosteroids may result in an 
alternative mechanism of action for potentiating GABAA receptors.  Therefore, it would be of interest 
to determine whether or not neurosteroid mediated potentiation of tonic conductances are also 
inhibited by the presence of steady state ambient GABA. 
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The attenuation of anaesthetic action at GABAA receptors in the presence of ambient GABA was 
predicted from the modified Jones and Westbrook kinetic scheme shown in Figure 3.7.4.  To 
determine whether or not other modulators of α6βδ GABAA receptors are also attenuated by 
ambient GABA the Propofol experiments were repeated with the analgesic and sleep inducing drug 
THIP (also known as Gaboxadol) (Krogsgaard-Larsen et al, 2004; Lindquist et al, 2003; Wafford & 
Ebert, 2006; Winsky-Sommerer, 2009).  THIP was originally developed to treat a number of CNS 
disorders such as epilepsy, schizophrenia, anxiety and pain however, THIP was later demonstrated to 
promote anaesthetic outcomes by inducing sedation as well as encouraging entry into slow wave or 
non-REM sleep (Belelli et al, 2005; Wafford & Ebert, 2006). 
 
THIP is a GABA analogue which acts as a partial agonist at γ-GABAA receptors but is generally 
believed to act as a super (or full) agonist at δ-containing receptors (Brown et al, 2002).  At low 
concentrations THIP specifically targets δ-containing extrasynaptic receptors as confirmed in Chapter 
3.  Similarly to Propofol the THIP induced conductance was attenuated in the presence of steady 
state ambient GABA.  As the THIP activated conductance was attenuated at GABA concentrations as 
low as 250nM, which is well within the predicted resting ambient GABA concentrations (Wu et al, 
2007) the effectiveness of THIP at potentiating the tonic conductance will likely be reduced even in 
resting neurons.  Therefore, the THIP responses recorded in vivo may not necessarily correspond to 
recombinant expression data where the properties of THIP at extrasynaptic GABAA receptors have 
often been studied in isolation (Brown et al, 2002; Mortensen et al, 2010).   
 
We have shown that like Propofol the extracellular GABA concentration will greatly effect the 
apparent THIP response.  Therefore, care should be taken when recording modulator responses and 
extrapolating the contribution of δ-containing receptors to inhibitory conductances in slice 
preparations where the ambient GABA concentration is uncertain.  For instance, the tonic 
conductance is often magnified in slice recordings by the application of 5μM GABA to external 
solutions or by blocking GABA transporters.  These different methods of visualising the tonic 
conductance give varied conductance estimates in dentate gyrus granule cells with values ranging 
from 365.2 ± 58.1 pS/pF to 43.8 ± 10.8 pS/pF respectively (Maguire et al, 2005; Stell et al, 2003).  
Consequently differences in the ambient GABA concentrations found in slice preparations may over 
or underestimate the contribution of a modulator such as THIP or Propofol in mediating the tonic 
conductance.  Thus, although we have demonstrated that ambient GABA attenuates Propofol and 
THIP responses in recombinant expression systems further work is now required to determine 
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whether or not altering the ambient GABA concentration affects neuronal extrasynaptic GABAA 
receptors in acute slice preparations where receptors are in their native environment. 
 
As well as investigating the effects of ambient GABA on receptor modulation the reverse was also 
considered with ambient THIP.  After drug administration reported concentrations of THIP measured 
in the CNS range from 0.7 – 3μM (Cremers & Ebert, 2007).  Therefore, a circumstance could be 
envisaged where the most prominent extracellular agonist is THIP rather than GABA.  Since in the 
literature GABA has been shown to possess a higher apparent affinity but lower efficacy compared 
to THIP, increases in ambient GABA (for instance due to local changes in neuronal excitability) would 
be expected to outcompete THIP and reduce rather than potentate the tonic conductance due to its 
lower efficacy.  Consistent with this idea Storustovu and colleagues have shown that the peak 
response of α4βδ receptors to a fixed concentration of THIP was attenuated by the rapid co-
application of GABA in a concentration dependent manner until the maximum THIP response was 
equal to that of GABA (Stórustovu & Ebert, 2006).  The reduction in the THIP induced conductance in 
the presence of ambient GABA was demonstrated theoretically in Chapter 3 using a modified version 
of the kinetic scheme described by Mortensen and colleagues (2010).  Therefore, in this 
circumstance an increase in ambient GABA would be excitatory rather than inhibitory.  However, 
repeating this simulation experimentally found that ambient GABA had no effect on the baseline 
THIP activated conductance.  As the modelling data highlighted the very modest changes observed in 
the presence of an EC10 concentration of THIP, the concentrations used experimentally may have 
deviated extensively from the steady state EC50 value.  However, the subsequent generation of a 
peak and steady state THIP dose response curve using rapid manifold drug applications found a 
surprising result.  Although at peak responses THIP behaves as a super agonist which, is in 
agreement with the published literature (Stórustovu & Ebert, 2006), due to receptor desensitisation 
at steady state the maximum THIP response corresponds with that observed for GABA.  Therefore, 
at steady state THIP is not a super agonist.  As the maximal steady state α6βδ responses are similar 
for both agonists the addition of an EC90 GABA concentration to steady state ambient THIP will not 
alter the baseline current.  However, the addition of THIP to low concentrations of ambient GABA 
will potentiate the tonic conductance as not all of the receptors will be occupied.  Therefore, 
repeating the simulation using the steady state rate constants alongside concentrations from the 
steady state THIP dose response curve (rather than peak) and thus not assuming that THIP is a super 




Mortensen and colleagues based their kinetic scheme upon the single channel properties of α4βδ 
receptors.  It was found that THIP encouraged more extensive desensitisation of α4βδ receptors then 
either GABA or muscimol.  However, despite both increased desensitisation and reduced potency 
compared to GABA the superagonist behaviour of THIP at α4βδ receptors at peak was found to be 
achieved by promoting longer mean channel openings (Mortensen et al, 2010).  Although it was 
found that α6βδ receptors were also desensitised in the presence of THIP it is not yet known 
whether the rate constants calculated from peak responses at α4βδ receptors also apply to α6βδ 
receptors at steady state.  Indeed the published simulated time courses from α4βδ receptors in 
response to GABA do not exactly reproduce those presented in Chapter 3 with the modelled α4βδ 
receptors showing an apparent reduction in macroscopic desensitisation compared to α6βδ 
receptors (Mortensen et al, 2010).  This corresponds to previous observations that α6βδ receptors 
have a larger degree of macroscopic desensitisation in response to GABA compared to both α4βδ 
receptors and α1βδ receptors (Bianchi et al, 2002; Brown et al, 2002; Feng & Macdonald, 2004).  
Therefore, further improvements to the simulation data could be achieved by examining the single 
channel properties of α6βδ receptors and calculating closer estimates for the rate constants.   
 
In addition to the THIP and Propofol mediated potentiation of the tonic conductance being affected 
by local differences in ambient GABA concentration and neuronal excitability, the effectiveness of 
both drugs may be reduced in certain pathologies where the ambient GABA concentration is raised.  
For instance, during periods of stress the ambient GABA concentration has been shown to increase 
by 257% in the hippocampus as measured by microdialysis after exposure to both a novel 
environment as well as being elevated after a forced swim test at 35oC (Bianchi et al, 2003; de 
Groote & Linthorst, 2007).  It would be interesting to determine whether or not THIP was less 
effective at promoting sleep in previously stressed animals.  Moreover, as well as potentially 
reducing the potency of drugs which target δ-GABAA receptors increases in ambient GABA may also 
have implications for the treatment of stress exacerbated psychiatric disorders such as anxiety and 
depression.  However, the consequences of stress upon the δ-subunit mediated GABAergic system is 
complicated with δ-subunit expression increasing 30 minutes after a 2 minute CO2 exposure in 
dentate gyrus granule cells (Maguire & Mody, 2007).  Increases in the expression of δ-containing 
extrasynaptic receptors along with neurosteriod levels may result in the elevation of tonic inhibition 
overall (Maguire & Mody, 2007; Maguire & Mody, 2009).  Ambient GABA is also often elevated 
during certain epilepsies and depending on the pathology can either contribute to or counteract 
aberrant neuronal firing.  For instance an increased tonic conductance in thalamocortical neurons 
due to defective GABA transport is a common cause of seizures in genetic models of absence 
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epilepsy resulting in spontaneous spike and wave discharges and behavioural arrest (Cope et al, 
2009).  This phenotype could also be reproduced in healthy rats by increasing the tonic conductance 
by intrathalamic administration of low doses of THIP highlighting the contribution of δ-containing 
GABAA receptors (Cope et al, 2009).  On the other hand the increased tonic conductance in dentate 
gyrus granule cells during status epilepticus which, is predicted to result from enhanced synaptic 
release, is considered to be a compensatory mechanism to counteract the corresponding reduction 
in phasic inhibition (Naylor et al, 2005).  Therefore, the potencies of extrasynaptic GABAA receptor 
modulators should be studied in context by considering not only regional differences in extracellular 
GABA concentration but also any disease state which may augment or potentiate modulator action. 
 
Although it has been demonstrated that two separate modulators of the tonic conductance with two 
different modes of action are both affected by changes in the ambient GABA concentration it will be 
interesting to determine whether or not other modulators such as, neurosteroids are also inhibited.  
Identification of modulators which are unaffected by increases in the ambient GABA concentration 
may provide more effective or alternative therapies for/or during pathologies such as epilepsy or 
stress where the ambient GABA concentration is raised (Cope et al, 2009; de Groote & Linthorst, 
2007) .  However, despite substantial receptor desensitisation the persistent activation of 
extrasynaptic GABAA receptors still results in a significant charge transfer which is much greater than 
that generated by synaptic receptors.  Therefore, even a very modest potentiation of the tonic 
conductance will have a substantial impact upon neuronal excitability (Farrant & Nusser, 2005).  
Consequently administration of THIP at doses known to preferentially target δ-containing GABAA 
receptors effectively generates a significant resistive shunt resulting in sedation, reduced seizures 
susceptibility in mice as well as promotion of deep non-REM sleep (Maguire et al, 2005; Winsky-
Sommerer, 2009).  Although THIP as a therapeutic drug was recently dropped in 2007 during phase 
III clinical trials (Winsky-Sommerer, 2009) the effects of ambient GABA on the THIP induced tonic 
conductance may still be applicable to other extrasynaptic GABAA receptor agonists thus, 
highlighting the importance of studying potential lead compounds in the presence of the 
endogenous agonist.  
 
In parallel to investigating the effects of ambient GABA on THIP and Propofol potentiation of α6βδ 
GABAA receptors the implications for any direct modulatory effect of ethanol at these receptors was 
also considered.  Ethanol concentrations under 30mM, which represents typical social drinking (the 
average drink-driving limit in the United States stipulates a maximum blood alcohol concentration of 
around 17.4mM (Hanchar et al, 2005)) have been shown to potentiate the tonic conductance in 
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dentate gyrus granule cells in acute slice preparations.  As no potentiation of the α5βγ  mediated 
tonic conductance was observed in CA1 pyramidal cells this effect is likely to be δ-subunit specific 
(Wei et al, 2004).  As well as indirect evidence from slice preparations ethanol has been shown to 
directly potentiate both α6βδ and α4βδ GABAA receptors in recombinant expression systems 
(Hanchar et al, 2005; Hanchar et al, 2006; Meera et al, 2010; Santhakumar et al, 2007; Sundstrom-
Poromaa et al, 2002; Wallner et al, 2003) at concentrations as low as 3mM.  However, no effect was 
seen in this study.  It has been suggested that the β3 subunit confers increased ethanol sensitivity to 
extrasynaptic receptors (Wallner et al, 2003).  However, replacing the β2 subunit with β3 still did not 
evoke any potentiation of the baseline current in response to 30mM ethanol.  This lack of effect is 
unlikely to be related to receptor desensitisation as experiments were performed in the presence of 
a low 50nM concentration of ambient GABA.  Furthermore, ethanol concentrations as low as 3mM 
successfully potentiated both α6β3δ and α4β3δ GABAA receptors in Xenopus oocytes in the presence 
of steady GABA concentrations as high as 300nM (close to the steady state EC50 concentration of 
250nM calculated in Chapter 3 (Wallner et al, 2003)).  The direct activation of extrasynaptic GABAA 
receptors by ethanol is controversial with other groups also unable to reproduce these results at low 
ethanol concentrations (Baur et al, 2009; Borghese & Harris, 2007; Borghese et al, 2006).  This may 
reflect the difficulties associated with expressing δ-containing GABAA receptors as discussed 
previously  (Meera et al, 2010).  However, functional surface expression of α6βδ receptors was 
verified in this study by assaying both zinc sensitivity as well as monitoring surface expression with a 
pH sensitive form of GFP (Ashby et al, 2004) tagged to the N-terminus of the δ-subunit (see above).  
Differences between recombinant expression systems and subsequent post-translational 
modification, second messenger pathways, scaffolding proteins and phosphorylation states may also 
affect ethanol potentiation (Wallner et al, 2006).  Finally species differences could also underlie 
some discrepancies in the literature with ethanol shown to be less potent at human compared to rat 
subunits (Borghese et al, 2006).   However, the same group also failed to reproduce the sensitivity of 
rat α4β3δ receptors to low doses of ethanol when expressed in Xenopus ooyctes, an expression 
system shown previously to support direct ethanol potentiation (Wallner et al, 2003).  Similar 
contradictions are also reflected in the literature regarding slice recordings.  For instance, it has been 
shown that ethanol potentiates the tonic conductance in cerebellar granule cells by increasing 
synaptic GABA release due to the increased excitability of Golgi cells (Carta et al, 2004).  However, a 
direct effect of 10mM ethanol at α6βδ receptors in cerebellar granule cells has subsequently been 
observed in the presence of TTX (Hanchar et al, 2005).  These recordings were made in the presence 
of 300nM GABA and GABA reuptake blockers amplifying the tonic conductance.  Therefore, this 
modest potentiation may have been overlooked in the Carta et al (2004) study where no additional 
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agonist was applied.  The age and background of animals may also contribute to differences 
observed in slice recordings.  The ability of 30mM ethanol to potentate the tonic conductance in 
dentate gyrus granule cells has been questioned with a later study being unable to reproduce these 
findings (Borghese et al, 2006; Wei et al, 2004).  However Borghese and colleagues used young 
animals (p20-26) and a mixed C57BL/6J and 129/SvJae genetic background whereas the Wei (2004) 
study utilised adult mice and a C57BL/6J genetic background.  The tonic conductance in cerebellar 
granule cells increases with age up to p35 which correlates with the increased expression of α6βδ 
receptors (Brickley et al, 1996; Brickley et al, 2001).  Therefore, the use of immature animals may 
limit or underestimate the effects of ethanol thus, not necessarily truly reflecting the responses seen 
in the adult.  Clearly the mechanism in which ethanol potentiates the tonic conductance is 
complicated with the possibility of species differences.  Indeed there is still the prospect that ethanol 
may not directly bind to GABAA receptors but instead may mediate the majority of its effects on the 
tonic conductance via neurosteroids (Sanna et al, 2004) or a currently unidentified factor or second 
messenger pathway.  Although there is some evidence supporting an ethanol binding site (binding of 
the ethanol antagonist RO15-4513 to GABAA receptors is reduced in the presence of ethanol 
(Hanchar et al, 2006)) direct identification and subsequent mutagenesis studies of such a site will 
greatly aid progress in this field and may solve some of the discrepancies described above. 
 
4.7 Non-linear leak conductances and neuronal excitability 
 
Both K2P channels and extrasynaptic GABAA receptors exhibit a non-linear outwardly rectifying 
current voltage relationship in a physiological ion gradient (Goldstein et al, 2001; Pavlov et al, 2009).  
Being open across the full range of membrane potentials potassium and chloride leak conductances 
will contribute to the resting membrane potential, aid action potential repolarisation as well as 
affecting the membrane time constant.  Reductions in the membrane time constant due to an 
increased input conductance will limit neuronal excitability by reducing the temporal and spatial 
window for the integration of synaptic events.  However, once threshold is reached the smaller time 
constant will aid action potential propagation by speeding up AP rise and decay.   As well as 
modulating the time constant leak conductances will also determine the voltage response to current 
therefore, regulating the current required to reach threshold, frequency and firing pattern of action 





As described in Chapter 1, the effect of leak conductances on neuronal firing can be investigated by 
examining the relationship between excitation input (for example, input firing rate, current or 
conductance injected) and the output firing rate.  Briefly, a shift of this relationship along the x-axis 
is an additive (or subtractive) operation and adjusts the neurons input threshold (also referred to as 
neuronal offset).  A change in the slope of this relationship is a multiplicative (or divisive) operation 
and affects the sensitivity or gain of the neuron to changes in excitatory input (Semyanov et al, 2004; 
Silver, 2010).   
 
The slope of the input-output function has been shown to be influenced by the degree of variability 
of synaptic inputs otherwise referred to as synaptic noise (Chance et al, 2002).  Increasing the 
background noise promotes greater summation of excitatory inputs which, reduces the gain and 
allows for a neuron to respond to a broader range of synaptic inputs (see Figure 1.5) (Pavlov et al, 
2009).  In addition to affecting neuronal offset by increasing the current required to reach action 
potential threshold, increasing a leak conductance would also be expected to shunt the background 
noise therefore, affecting neuronal gain.  This has been seen in cerebellar granule cells where the 
excitatory input introduced via dynamic current clamp was modelled upon random trains of synaptic 
conductances.  In this setup, introduction of tonic inhibition resulted in a reduction in gain as well as 
a rightward shift in the input-output curve (Mitchell & Silver, 2003).  Therefore, in the presence of a 
tonic conductance a higher input frequency (and therefore increased variability) is required to 
generate a given output firing frequency resulting in a reduction in gain which is not seen when 
neurons are stimulated by a square wave of excitatory current (Brickley et al, 1996; Farrant & 
Nusser, 2005; Mitchell & Silver, 2003). 
 
Mitchell and Silver investigated the effects of modulating the tonic conductance on the input-output 
relationship of cerebellar granule cells by introducing a linear ohmic leak into the neurons by 
conductance injection (Mitchell & Silver, 2003).  However, as shown in Chapter 3 for α6βδ GABAA 
receptors and by Pavlov and colleagues for α5 containing subtypes extrasynaptic GABAA receptors, 
like K2P channels, are not simple ohmic leakage channels (Pavlov et al, 2009).  Instead α6βδ and α5βγ 
receptors are outwardly rectifying in a symmetrical ion gradient. This outward rectification will be 
even more pronounced in a physiological ion gradient due to the additional Goldman-Hodgkin-Katz 
(GHK) rectification as ions travel down their electro-chemical gradient.  The consequences of a 
outwardly rectifying current voltage relationship, as discussed previously for K2P channels, will be an 
increased current flow at depolarised potentials.  Therefore, non-linear outwardly rectifying leak 
conductances will have a greater influence at action potential threshold compared to rest with 
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activation of α6βδ receptors having only a modest effect on the background synaptic noise.  Thus, as 
seen in CA1 pyramidal neurons excited with simulated synaptic noise, the non-linear current voltage 
relationship of GABAA receptors results in a change in neuronal offset without affecting the gain 
(Pavlov et al, 2009).   This would allow for a neuron to alter action potential threshold during periods 
of high excitability without affecting its sensitivity to changes in input which may have important 
consequences for regulating neuronal network activity (Semyanov et al, 2004).  It will be interesting 
to determine whether or not α4βδ receptors also display a non-linear current voltage relationship as 
well as confirm that activating α6βδ receptors effects offset independently of gain in cerebellar 
granule cells stimulated with simulated synaptic noise.  It is possible that this property maybe 
receptor subtype or neuron specific.    
 
K2P channels display a non-linear outwardly rectifying current voltage relationship in a physiological 
ion gradient thus, they may also affect neuronal excitability in a similar way.  Although modulation of 
K2P channels will also have an effect on the resting membrane potential, as shown previously, the 
relationship between the K2P leak conductance and the resting membrane potential reaches 
asymptote at approximately 0.5nS/pF when transiently expressed in HEK293T cells close to the 
reversal potential.  Therefore, subsequent increases in the K2P leak are likely to have only a modest 
effect on the membrane potential.  This was seen when 2% halothane was bath applied to HEK293T 
cell expressing TASK3 channels.  Although there was a clear increase in the magnitude of the two-
pore leak there was no significant difference in the resting membrane potential an observation 
which may be important for determining the mechanism of anaesthetic action.   Halothane 
modulates an array of receptor targets including GABAA receptors (Franks, 2008).  Therefore, the 
exact physiological consequences of activating K2P channels on neuronal excitability and anaesthetic 
outcomes were unclear.  However, using the conductance injection technique the affect of 
halothane mediated activation of K2P channels on neuronal excitability could be investigated 
independently of other potential drug targets.  The addition of 2% halothane resulted in an increase 
in the input conductance and a rise in the current required to reach action potential threshold in 
response to a prolonged depolarising current pulse.  This pushed the input-output curve to the right 
without altering the gain.  Therefore, in neurons with a large background K2P leak halothane is likely 
reducing neuronal excitability by activating K2P channels and shunting excitatory synaptic inputs.  As 
predicted from the extrasynaptic GABAA receptors it would be interesting to confirm that activation 
of a non-linear K2P leak modulates offset independently of gain when cells are excited with a 
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